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BIOLOGICAL BULLETIN 


THE ROLE OF THE FIN RAYS IN THE REGENERA- 
TION IN THE TAIL-FINS OF FISHES.’ 


(IN FUNDULUS AND GOLDFISH.) 


S. MILTON NABRIT,? 


GENERAL EpucaTION Boarp FELLow 1n BioLocy, Brown UNIVERSITY. 


The experiments which form the basis of this paper were 
planned for two purposes: 

1. To reéxamine the facts, as set down by Morgan: 

(a) The rate of growth is greatest where most material is 
needed to complete the typical form of the tail (1902) (1.e., the 
controlling factors are not those usually considered as physiolog- 
ical ones—the availability of food or blood at the level of the cut 
—but certain formative factors). 

(b) These formative factors are internal and may be expressed 
in terms of tension or pressure relations that initiate growth, 
govern the return to form, and cause a cessation of growth (1906). 

2. To present, if possible, new data that would throw additional 
light upon the problem of regeneration and morphogenesis in the 
tail-fins of fishes. 

Under the direction of Professor J. Walter Wilson, the experi- 
ments discussed in this paper were begun at the Arnold Biological 
Laboratory of Brown University (1927), and continued at the 
Marine Biological Laboratory at Woods Hole, Massachusetts 
(1928). 

1] am particularly indebted to Professor Wilson for his valuable assist- 


ance in the preparation of this paper. 
2 Biological Laboratory, Morehouse College. (On leave 1927-28.) - 
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HISTORICAL. 


Broussonet (1786) recorded the following results of his ex- 
periments in regeneration: (1) Fins reproduce themselves in slow 
degrees; more rapidly in young fishes than in old; more rapidly 
in some species than in others. (2) “ Poissons dore’s de la 
Chine” regenerate fins: new rays can be distinguished after three 


’ 


months; a severed “ right fin” reaches original growth in eight 
months ; both ventral and caudal fins regenerate after oblique and 
transverse cuts. (3) There is correlation between liability to in- 
jury and power to regenerate (Bonnet’s conception). (4) A part 
of the “osselets” is necessary for regeneration; otherwise new 
fins are not produced. 

Unaware of Broussonet’s work, Mazza (1890) found that re- 
generation takes place in the tail of the goldfish (Carassius 
auratus ). 

Weissman (1892) was aware of the fact that the Salamander 
woud regenerate a lost limb, but did not believe that fins of fishes 
would regenerate. 

Unaware of the works of Broussonet and Mazza, Nussbaum 
and Sidoriak (1900) published results of experiments in regenera- 
tion on a young brook trout (Salmo fario), discussing, for the 
first time, the histology of regeneration in tail fins. 

T. H. Morgan (1900) was probably the first one to experiment 
on the tails of fishes from a standpoint of morphogenesis. His 
work was done largely on Stenopus, Fundulus, and Carassius; his 
findings were published in 1900, 1902, and 1906. He held the 
view that differentiation is an expression of certain pressure rela- 
tions: Typical form is established and growth is completed when 
resulting pressures no longer act as a stimulus on the growing 
region; the formed part exerts upon the unformed parts an in- 
fluence of pressure. Quoting Morgan, “ The failure of the maxi- 
mum potential of growth over the more distal parts of an oblique 
surface is due directly to the new growth below it not having 
reached the same level, and owing to this difference there arises a 
pull or tension on the part that retards its maximum possible rate.” 














REGENERATION IN TAIL-FINS OF FISHES. 


MATERIAL AND METHODs. 


The nearness of Brown University to the collecting grounds of 
Narragansett Bay makes it possible to experiment upon Fundulus 
heteroclitus and to keep salt water aquaria with daily changes of 
water brought in by boats from the collecting grounds. The fresh 
water forms were in an aquarium that had a daily change of fresh 
water. Both types of aquaria were aereated by means of an elec- 
trically driven air pump and green water plants. Worms, wafers 
and granulated fish food were the types of food used. The tem- 
perature of the water was from 19° to 21° C. At Woods Hole, 
aquaria with running salt water were used. 

Cuts were made with scissors and scapels with reference to 
base of the scales. (The base of the scales as shown in Text fig. 
b. is important, because of the difference of rate of growth from 
cuts made at each side of this circular base of scales. A strong 
Sodium Chloride solution was used for the removal of any fungus 
growth. Mild cases thus treated were cured, but the more pro- 
nounced cases resulted in death, though, perhaps, slightly retarded 
by the treatment. 

Observations were largely made on living specimens wrapped in 
wet cloths under the binocular dissecting microscope. Some obser- 
vations have been made on individuals preserved in formalin and 
under low power of the microscope. Camera lucida has been 
employed for some detailed observations on regeneration from 
squares cut in the tails of Fundulus and Carassius. Photographs 
of goldfish were made from chloretoned specimens while the tail 
was spread out in a thin film of water. The photographs of 
Fundulus were made from preserved specimens. The flesh and 
scales were scraped off and the skeleton of the tail was stained in 
alizarin. They were cleared and photographed in oi of winter- 
green. The tails were cut from the body by an oblique cut which 
had the short end of the cut surface of the vertebral column ven- 
tral, and the extended end dorsal. This served to orient the tail 
readily. 
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Fics. 1-6. The shapes or the forms of the tails are correlated with thie 
mode of branching of the fin rays. 


Fic. 4. The regenerate from the anterior face of a square hole grew past 
the posterior face of the hole from which no regeneration had started. 
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EXPERIMENTAL SECTION. 
I. 


Description of Tails Used. 


The tails of Fundulus heteroclitus vary in shape and size (Figs. 
1-6). There is a close correlation between the shape of the tail 
and the mode of branching of the fin rays. The more rounded 
the tail, the more branched are the fin rays of the tail, especially 
the rays bordering the dorsal and ventral regions of the tail. The 
rays articulate with a basal plate at the end of the vertebral col- 
umn. They are smallest distally and all the rays appear the same 
size at their distal ends. At the proximal ends the rays are larger 
than they are at the distal end, and have an articulating knob or 
enlargement. From the knob the ray becomes smaller until it 
reaches the base of the scales in the tail; from the scaly base it 
becomes segmented, and more distally there is a doubling of the 
segments prior to the branching of the rays. This doubling of 
the segments increases the cross-sectional area of the rays in the 
middle third of the tail. There is a difference in the number of 
branching rays in the dorsal and ventral regions of the tail and 
there is also a difference in position at which the rays of the dor- 
sal and ventral regions branch. The fin rays of the ventral re- 
gion of the tail branch nearer the scaly base than those of the 
dorsal region, but more rays of the dorsal region branch than of 
the ventral region. This difference in mode of branching is al- 
ready apparent in the early larval stages of the animal, being ob- 
served on about the second day after hatching. 

In the diagrammatic plate (Fig. 7) it is noticed that the eleventh 
fin ray from the central one in the dorsal region of the tail 
doubles its segments and forms secondary branches. The eleventh 
ray from the central one in the ventral region of the tail does not 
double and does not form secondary branches. It is readily seen 
that in this tail more end surface would be exposed in the dorsal re- 
gion of the tail than in the ventral region, although the cut is sup- 
posed to be at the same level in both regions. Neglect of this dif- 
ference in distribution of fin-ray material gives rise to misleading 
suggestions as to the controlling factors in growth in tails of fishes, 
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when distance from base of tail is alone taken as a criterion of 
level without taking into account these internal structures (see 


page 252). 

The tail of the goldfish differs from that of Fundulus in that 
the largest rays are in the dorsal and ventral lobes and the small- 
est ones are in the central region (Fig. 8). The rays branch only 


Fic. 7. Diagrammatic and exaggerated sketch of the tail of Funauius 
which was made from the photograph in Fig. 2. The numbers indicate the 
omitted rays between any two. (a) Scaly base of the tail; (5) neural 
spines; (c) hzmal spines. 

Fic. 8. Goldfish. (a) Urostyle; (b) neural spine; (c) hzemal spine; 
(d) scaly base. 


once instead of twice as in Fundulus. Sometimes a goldfish has 
rays that branch a second time and sometimes in Fundulus the 
rays branch a third time. The shape of the tail is correlated with 
the mode of branching of the fin rays. The base of the bilobed 
tail of the goldfish is heterocercal, but the tail is homocercal. 
A. urostyle projects into the dorsal lobe of the tail. The rays are 
small near the base of the tail. Prior to branching, the rays en- 
large and the segments of the rays divide to form secondary seg- 
ments. This enlargement of the rays is intimately correlated with 
the branching of the rays, and occurs in the middle third of the 
tail. After branching, the rays become small distally. The final 
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size of all the rays is apparently equal. The rays of the lobes 
branch after those in the central region of the tail. 

The fan-tailed goldfish has the equivalent of two bilobed tails, 
with the outer rays of the two dorsal lobes being attached along 
their long axes. 

A study of the development of Fundulus shows that there is a 
primitive natatory fold and the mesenchymal mass from which 
the fin rays and the articulating base develop migrates between 
the extremity of the fold and the end of the notochord and the 
spinal cord, and from the mesenchymal mass the central rays are 
the first ones to differentiate. At this time the natatory fold is 


sa 
Fic. 9. A camera drawing of the tail at the stage of development when 
the differences in the distribution of the fin-ray material are first observed. 
The rays are longer and segmentation is farther from the base in the dorsal 
region of the tail. The rays in the dorsal region are slightly larger than 
those of the ventral region. One more ray shows doubling for branching 
in the dorsal region than in the ventral region. 
Fics. 10, 11, 12, This cut was made at the level where there is a transi- 
tion from large branching rays. 


farther from the base of the notochord and the spinal cord at the 
central region than it is in the dorsal and ventral regions. In in- 
dividuals that hatched in sixteen days this streaking of the rays 
begins on the seventh day. The additional rays are added dorsally 
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and ventrally, but the blood vessels that come to pass between the 
rays loop in their paths before the rays are stainable vitally with 
Nile blue sulphate or with alizarin after fixation. On the eight- 
eenth day (Fig. 9), or two days after hatching, the rays in the 
dorsal region of the tail become larger and more branched than 
the rays of the ventral region. 


GENERAL FEATURES OF REGENERATION OF TAILS. 


Cut surfaces of various kinds have certain features in common 
when they regenerate. The proliferation of new tissue, in the 
forms studied, has proceeded until it is visible at the end of one 
week in all cases. Cuts at corresponding levels in two different 
kinds of individuals regenerate at rates that are very close to one 
another. The rays appear in the new tissue in a period that varies 
from two to three weeks. The rays can be observed grossly by 
transmitted light earlier than they can be observed microscopically. 
This appears to be due to the particular type of condensation in 
the regenerate before pigmentation begins. 

The form of the end of the tail is early observed in all types of 
regeneration, such as the diphycercal, homocercal or fan-tailed 
fish. The nearer the distal end of the tail that the cut is made, 
the earlier is the difference in rates of growth observed in the 
various regions which establish the form of the particular tail. 
In Fundulus, a primitive diphycercal-tailed genus, there is an 
early rounding of the regenerate at its distal extremity. In the 
homocercal tails of the goldfish there is a very early lobing of the 
tails from cuts near the distal end of the original tail. Pigmenta- 
tion in the regenerate occurs in most cases after a streaking of 
the rays is visible. In Fundulus, the invasion of the connective 
tissue regions by pigment is useful in observing the appearance 
of the rays. In goldfish the gold pigment does not become visible 
in the regenerate until after the melanophores appear, provided 
that melanophores appear at all. The new tissue can still be dis- 
tinguished from the old after six months have elapsed. 


REGENERATION FROM Cross-CuT SURFACES IN THE TAILS OF 
FISHES. 


When cross-cuts are made at various levels of the tail (Figs. 
10-15), the proliferation of new tissue becomes visible in about 
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four days. It is apparently equal in amount across the entire sur- 
face at the end of the first week. For cut surfaces in the inner 
two thirds of the tail, measured from the circular base of scales, 
the apparent rates of growth at different levels at which the cuts 
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Fics. 13, 14, 15. This cut was through the region of the tail anterior to 
the scaly base. The rays of the center branched once at their distal ends. 
The dorsal and the ventral rays did not branch. Five months after the cut 
was made, the fish was killed and the sketch made. 


Fics. 16, 17, 18. The different stages of regeneration from a cross cut in 
a bilobed tail are pictured. 


were made are practically equal. During the first week after 
proliferation has become visible, a difference in the rate of growth 
between the center of the cut surface and the dorsal and ventral 
regions is noticed. In Fundulus the tail is rounded up so that the 
typical curved form of the tail extremity is approached. In the 
lobed-tail goldfish (Figs. 16-18) the typical lobing is very early 
approached. In the former case the growth is more rapid at the 
center, and in the latter it is more rapid in dorsal and ventral re- 
gions of new tissue. 

An explanation of the difference in rate in the center of the tail 
of Fundulus and the dorsal and ventral surfaces on a cross-cut 
surface may be based on the fact that more cut edge of the osseous 
fin rays is exposed in the center of the tail than is exposed dorsally 
and ventrally. This is very striking in view of the fact that in 
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the bilobed tail of the gold-fish the greater quantity of exposed 
fin-ray material is dorsal and ventral and diminishes toward the 
center. 

The fin rays in the tail of the goldfish are so arranged that the 
smallest rays are in the center of the tail and the largest rays in 
the dorsal and ventral lobes of the tail, so that in the cross-cut 
more end surface of fin ray is exposed in the dorsal and ventral 
regions than in the center. This accounts for the early lobing of 
the tail. 


REGENERATION FROM ANGULAR AND PARTIAL CuT SURFACES. 


The regeneration from a partial cut or angular cut in general 
is not very different from that of other types of cuts, except that 
a more limited area of the tail is involved. 


Text Fic. e. Regeneration from partial surfaces in Fundulus. 
Fics. 19, 20, 21. Regeneration from a small dorsal and distal partial sur- 
face is slower than that from the central proximal cut. 
Fics. 22, 23, 24. The retardation in regeneration from a central distal 
and partial surface is not as great as that from a dorsal distal and partial 
surface. 


In Fundulus cut so that the distal’ part of the partial surface 
(Figs. 19-21) (@) (Text Diagram a) is dorsal to and smaller than 
the proximal ventral surface (b), growth is more rapid from the 
latter surface (b) than from the former surface (a), and the 
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most rapid growth on the proximal ventral cut is in the region of 
the central rays of the tail. The proximal surface regenerated 
faster than the distal surface, and when the rounded distal end 
of the tail was formed, they proceeded together to complete the 
parts of the tail then lacking. 


Text DIAGRAM a. 


Quoting Morgan (1906), from page 482: 

“The rate of regeneration from the outer partial cut surface 
is greater the broader, i.e., the higher dorso-ventrally, the cut sur- 
face. This result shows that the retardation is directly connected 


with the height of the cut surface, and only secondarily with its 
distance from the base of the tail.” 


In other words, Morgan finds it necessary to conclude that tall 
partial cuts are less influenced by pressures and tensions than 
small ones. But it seems more likely that the regeneration is 
faster from the tall partial cuts because more rays are cut and 
more surface is exposed than in a smaller cut. 

When there are three approximately equal partial cuts (Text 
Diagram }) with the portion including the central rays distal, and 


Text Dracram b. 
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the ventral and dorsal portions proximal, two types of regenera- 
tion are obtained. 

When the partial cuts are made so that the distal surface (a) 
is through the tertiary branches of the central rays and the prox- 
imal surfaces (b and b’) are through secondary branches of rays 
that are adjacent to the central ones, the rate of growth is more 
rapid from the proximal surfaces (b and b’). In such a case, the 
rate is slowest from the rays that border the dorsal and ventral sur- 
faces. When the cut is made so that the partial distal surface (c) 
passes through the central rays before they branch and the prox- 
imal surfaces (d and d’) are nearer the scaly base of the tail (+), 
then regeneration is faster from the distal surface (c) than from 
the proximal surfaces (d and d’). In neither case is the distal cen- 
tral surface retarded in its rate of growth until the proximal sur- 
faces have regenerated enough material to form a rounded distal 
end. 

The results from the three equal partial cuts seem to be due to 
the length of the distal partial surface; for if the distal cut surface 
is such that the end surface of the rays is exposed at their largest 
point or some point larger than the point of the dorsal or ventral 
rays, the distal surface will regenerate faster. But if the distal 
edge is at a point where the rays are smaller and less surface is 
exposed than in the proximal regions, then the rates will be re- 
versed. 

When a dorsal distal partial cut surface is compared with a 
ventral distal partial cut surface at apparently the same level in the 
tail (Figs. 25-27), the rate of growth, if the level of comparison 
is near the scaly base of the tail, is faster in the ventral distal par- 
tial cut surface than it is in the dorsal distal partial cut surface. 
But if the level of comparison is in the middle third of the tail, 
the rate of growth is faster in the dorsal distal partial cut surface. 

The explanation for this reversal in the rate of growth between 
the dorsal and ventral regions lies in the fact that the distribu- 
tion of the larger amount of fin-ray substance is reversed in the 
two regions. The rays branch nearer the scaly base in the ven- 
tral region than in the dorsal region of the tail, but more fin rays 
branch in the dorsal region. Therefore, near the base of the 
tail the rate of regeneration is faster in the ventral region because 
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the cut was made through the point of doubling of segments prior 
to branching in the ventral region, whereas this doubling of seg- 
ments prior to branching had not started in the dorsal region of 


® 
x 
X 


Text Fic. f. Regeneration from partial surfaces in Fundulus and in a 
bilobed goldfish. 

Fics. 25, 26, 27. The regeneration from two free partial distal surfaces 
in the tail of Fundulus shows regeneratién faster dorsally than ventrally. 
The cuts were made as far as it appeared in the same region and level in 
the tail. As far as the rays are concerned, the cuts are made at two differ- 
ent levels, with more secondary branches cut dorsally than are cut ventrally. 

Fics. 28, 29, 30. Regeneration from a small distal and dorsal partial sur- 
face is not retarded by the more proximal surface. Regeneration from the 
ventral region of proximal surface is faster than that from the central re- 
gion of the same surface. 


the tail. But in the middle third of the tail the level of the cut . 
passes through the point of doubling of the segments of the pri- 
mary branches or through the secondary branches, whereas in, the 
ventral region the plane passes through the point of doubling of 
the segments of the secondary branches or through the tertiary 
branches. 

From a distal dorsal partial cut as (a) in Text Fig. a, in the 
tail of a goldfish (Figs. 28-30), the rate of regeneration from the 
distal surface is more rapid than the rate from the proximal sur- 
face. There is no “holding back” on the free distal partial sur- 
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face. From a free distal central surface as (a) in Text Fig. 3, 
the rate of regeneration is less rapid than from the proximal par- 
tial surfaces (b and 5’). In this case, the “holding back” or 
retardation of growth is on the central region of the tail. 

In the bilobed tail of the goldfish, partial cuts regenerate at 
rates opposite to those of Fundulus, the rates being faster dorsally 
and ventrally where the rays are larger when the partial cuts in 
these regions are either proximal or distal to the central region. 
Just as in Fundulus, the initial rate is about equal, and if the cut 
passes through the branching region of the central rays, and the 
other cuts through the distal ends of the dorsal and ventral rays, 
the rate is faster from the central rays. 


REGENERATION FROM OBLIQUE CuT SURFACES. 


From oblique cuts in the tail of Fundulus, the rate of growth 
is faster in the proximal region of the cut and slower in the distal 
region (Figs. 31-33). The new rays from the oblique cut stand 
at an angle with the cut surface that approaches a right angle, and 
it is from five to six months before the necessary adjustment for 
straightening the rays occurs. 

The visible change in the adjusting regenerate of the tail of the 
fish is a closer compacting of the regenerated ray with the cut 
edge of the old ray and an apparent increase of rigidity of new 
rays as they become more like the old rays. This compacting and 
increase of rigidity of new rays may explain the pulling of the 
new part into the axis of the removed part. The compacting of 
new rays on the ends of the old rays and the gradual becoming 
rigid of the new ones, exerts a leverage influence on the regenerate. 
The power and fulcrum are nearly at the same point, hence a 
rather slow pulling into line of the new part. This adjustment 
takes from five to six months from a marked oblique cut in 
Fundulus. 

The exposure of the end substance by an oblique cut would ex- 
plain the fact that the new tail is at an angle with the old, if it 
is true that the ends of the rays initiate growth in the tails of 
fishes. The end of the ray is cut at an angle that exposes an 
oblique surface from which the new tissue would grow at the 
rate that it would from a transverse cut across the surface at the 
same level. 
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When Morgan noticed, as a result of partial cuts in the tail 
of the same fish, that there was a more rapid rate of growth of 
the part nearer the base of the tail, he stated that the factors 


38 


Text Fic. g. Regeneration from oblique cuts in the tail of Fundulus. 

Fics. 31, 32, 33. The rate of growth from an obliquely cut surface is 
faster proximally than it is distally. More fin-ray end substance is exposed 
where the rate of growth is faster. 

Fics. 34, 35, 36. When two oblique cuts are so made that the distal end 
of dorsal surface is the same distance from the base of the tail as the 
proximal end of the ventral surface, the rate of growth is faster at the 
latter. The two points of comparison are not at the same level in terms of 
the amount of exposed fin-ray material. More secondary rays are cut across 
in the proximal region of the ventral surface. In the proximal region of 
the dorsal oblique surface more ray stubs are exposed than in either of the 
two surfaces; from there the rate of grqwth is faster. 


there were different from those controlling the rate from an 
oblique cut surface. By means of a series of elaborate oblique 
cuts and partial cuts, he set out in 1902 to prove this point. In 
1906 he had satisfactorily proved it, although he left an opening 
for modification of the theory as long as the general principles 
were retained. 


In Fundulus, the slow proximal rate of growth in the dorsal 
or ventral oblique cuts can be explained by the fact that the fin 
rays severed by the proximal cut are first or second order rays, 
while the distal ones are third order rays. Also that in some 
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cases, the proximal end passes through the point of branching 
of some rays. In- some cases even here, the regeneration is 
faster in the center of the oblique cut. The type of regenerate 
is dependent upon the points at which the cut begins and ends. 
Tails of Fundulus vary in the time of branching of the rays and 
and various shapes of tails are produced by regeneration which 
depends on the mode of branching of the fin rays. 

A marked oblique cut of a fin ray which exposes more end cut 
surface than a transversely cut fin ray at the same level will 
regenerate more new ray stuff than the transversely cut ray. If 
the normal pattern of branching is for two orders of fin rays, 
primary and secondary ones, it is possible for the new ray ma- 
terial from the obliquely cut ray to differentiate into three orders 
of rays. Figures 37 and 38 show the regeneration from ob- 
liquely cut fin rays in the ventral lobe of a goldfish compared 


Text Fic. h. Comparison of regeneration of an oblique and a crosscut 
in rays. 

Figs. 37, 38. The rays in the dorsal lobe of the tail were cut transversely 
and those of the ventral lobe were cut obliquely. The end surface exposed 
by oblique cut was the greater. From the oblique surface, additional sec- 
ondary rays or branches were formed in the regenerate and from the trans- 
verse surface only the normal number of rays regenerated. 
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with the regeneration from transversely cut rays in the dorsal 
lobe at the same level in the same tail. 

The regenerated ray from the oblique cut may be larger than 
the ray which gives rise to it. This shows that the cut surface 
regenerates along its entire surface. More fin-ray end sub- 


Text Fic. i. Regeneration from oblique cut in the dorsal lobe of the tail ot 
the goldfish. 

Fics. 39, 40. Regeneration from an oblique cut in the dorsal lobe of the 

tail of a goldfish. An extra lobe is formed in the tail by rays that grow up 
and around their dissevered posterior mates. 


stance was exposed. The view that the fin ray exerts the initi- 
ating influence is in harmony with the theory of Morgan in that 
he admits that the fin ray must be cut so that an end is exposed 
in order for regeneration to take place. 

The shape of the tail can be altered by an oblique cut into the 
lobe of the tail when no part is removed. There is healing and 
also regeneration of rays from both sides of the cut. The rays 
from the anterior face of the cut grow upwards and around the 
severed posterior rays to form a new lobe in the tail (Figs. 39 
and 40). 

17 
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The form or shape of the tail does not appear to depend upon 
any pressure or tension regulating system. The fin rays de- 
termine the shape of the tail by their mode of branching and 
the direction of their growth. 

When double oblique cuts are made so that the proximal level 
of the ventral cut is on a perpendicular axis with the distal level 
of the dorsal cut surface, the rate of growth is faster in the 
proximal region of the ventral cut surface than it is in the distal 
region of the dorsal cut surface (Text Diagram c) (Figs. 34-36). 


iv 


Text DIAGRAM c. 


The most convincing evidence by Morgan that the rate oi 
growth from oblique surfaces was not due to the nearness of 
one part of the base of the tail, was a cut in which two oblique 
surfaces were made in the same tail; neither cut directly con- 
nected with the other, and the distal end of one cut at the same 
level as the proximal end of the other. In such a case, the re- 
generation from the surfaces at the same level were not so close 
together. His conclusion is that the proximal end exerts a re- 
tarding tension on the more distal level of an oblique cut. 

In Fundulus, the rays are larger in the center of the tail and 
by normal branching, the central rays reach the minimum size 
much farther from the base than do the outer fin rays. From 
double oblique cuts, as before-mentioned, regeneration at the same 
level of the tail was faster on the proximal surface of one cut 
than at the distal surface on the other cut. In Fundulus, the 
longitudinal cut in this experiment is adjacent to, or includes the 
largest rays of the tail, the central rays. The dorsal oblique sur- 
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face at its distal end is at the end of the final branches of the 
first (about five) few rays coming from the base of the tail, 
and at its proximal end intersects the longitudinal cut and the 
central rays. The ventral oblique surface has its proximal end 
distal to the final branches of the fin rays that leave the base of 
the tail. The dorsal cut passes through the smallest branches of 
the central rays at its distal end and increasingly larger rays 
towards its proximal end. Hence growth is faster proximally 
and slower distally. The ventral cut passes through the larger 
rays proximally and the smaller ones distally. The rate of growth 
is faster proximally. Further, the rays are correspondingly 
smaller in most tails at the level of the proximo distal axis (+, y 
—Text Diagram c) in the dorsal region than in the ventral one. 
The rays branch nearer the base in the ventral region than in the 
dorsal, but more rays branch in the dorsal than in the ventral. 
They tend to reach their minimum size sooner. The middle of 
the ventral oblique cut is really its fastest point of growth. More- 
over, there is a much greater rate of growth at the proximal end 
of the dorsal cut than at the proximal end of the ventral cut. This 
is apparently due to the visible difference in size of the rays and 
the quantity of exposed surface. The rays are different at the 
two points (1, y) compared. 

Assuming the formative influence of the rays themselves, and 
that quantity of cross-cut ray material determines the rate of 
growth, it will be seen that the same factors controlling the rate 
of growth from the cross surfaces in the tails of fishes govern 
the growth from the oblique surface. 

Regeneration from an obliquely cut surface in a bilobed tail 
is faster in the dorsal and ventral lobes when the cut is only 
slightly oblique. Marked oblique cuts regenerate fastest at the 
proximal end of the cut, and slowest at the center of the cut 
(Figs. 41, 42, 43). At some points the rate of growth is faster 
at the center of the cut than at the distal end. Lobing of the tail 
in the oblique cut is noticed almost as early as in the case of the 
cross cut in the bilobed-tail fish. The first proliferation of tissue 
in oblique cuts which is observed in about a week seems equal 
in rate along the entire cut surface. The general tendency, how- 
ever, is for the rate to be faster at the proximal end, but this is 
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not pronounced until after the second week. The lobing occurs 
much earlier when the oblique cut is nearer the original point 
of lobing of the tail, though when even more than half of the 
tail is removed, the lobing is noticed before that quantity of new 
tissue has been restored. 


Text Fic. 7. Regeneration from obliquely cut surfaces in the tail of a gold- 
fish and regeneration in a small hole cut in the tail of Fundulus. 

Figs. 41, 42, 43. The regeneration from an obliquely cut surface is faster 
distally than it is in the more proximal central region. The rate of growth 
is fastest at the most proximal region. The most distal and proximal re- 
gions are regions where the rays are larger and where the cut exposes more 
end substance. More end substance is exposed at the proximal end than at 
the distal one. 

Fic. 44. The new rays from the anterior face of the hole do not connect 
with their mates at the posterior face of the hole (Fundulus). 


In the bilobed Carassius (goldfish) the rays in the center reach 
their minimum size first, while the dorsal and ventral rays are 
much larger, hence much longer. The smaller the branches of 
the rays are, the slower is the rate of growth in the region of 
their cut surfaces. 


When a double oblique cut is made in Carassius, so that the 
distal end of one is at the level of the proximal end of the other 
in the bilobed tail, the rate of growth is faster at the proximal end. 
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In some cases, however, the cut can be made so that the distal 
end of the dorsal oblique cut regenerates at practically the same 
rate as the proximal end of the ventral oblique cut. 

In the bilobed tail, the longitudinal cut is adjacent to, or in- 
cludes, the smallest rays in the tail and hence the shortest ones. 
The distal end of the dorsal oblique cut is at the same level as 
the proximal end of the ventral oblique cut. The distal end of 
the ventral cut intersects the distal end of the longitudinal cut. 
The proximal end of the dorsal cut intersects the longitudinal 
cut near the point of branching of the central rays. The point 
of the most rapid regeneration is on a line extended directly from 
the outer ventral ray which is the largest ventral ray, and the 
most proximal point of the cut. The proximal point on the 
dorsal cut sometimes shows a more rapid rate of growth than 
the more distal points on the same surface. 

The outer ray, while itself larger than any one ray, does not 
divide, or if it does, not as early as the rays on the inner sur- 
faces. Cuts through a ray just at the point of division expose 
more surface as a result than do cuts of a single ray, and that 
which is not at the point of division is slightly larger than the 
one that is dividing. Near this is a region where the rate again 
is faster on the ray that has not reached its minimum in size, 
for the branches after separating do not expose as much sur- 
face as the two when they first separate. Whenever the prox- 
imal end of the dorsal oblique cut is distal to the point of branch- 
ing of the central rays of the bilobed tail, the regeneration is 
faster distally than it is proximally. Morgan’s theory would 
assume that suddenly a region of great retarding tension was 
reached that held back the center and the proximal end of the 
oblique cut. It seems, however, that the rays near the center 
are smaller, hence do not have to grow so far to attain minimum 
size, 

The mode of growth is just the opposite in the bilobed gold- 
fish type from the type of Fundulus and seems to be associated 
with the fact that the fin rays are just the opposite in size arrange- 
ment. 

In the elaborate fan-tailed goldfishes the longer parts in the 
normal tail are supported by the larger rays. The regeneration 
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is faster where the cut exposed the greater amount of cut end 
substance. When two parts of such a tail—one directed pos- 
teriorly and one directed ventrally, are cut off, it was observed 
that both regenerated equally. Normally, the two parts had ap- 
proximately equal lengths, and there is a very close correlation 
between the sizes of the rays. They regenerated equally in rate 
or with no noticeable difference. 

When an oblique cut was made of a fan-tail fish so as to re- 
move the entire piece that is ventrally directed and the outer 
margin of the adjacent posteriorly directed part so as to present 
an unbroken cut surface, regeneration took place faster prox- 
imally than distally. Examination of the tail showed that the 
proximal cut passed through the main body of the branches of 
the first order and that the distal cut passed through the distal 
ends of the branches of the second order. In the fan-tailed 
forms as in the bilobed forms, two orders of branches is the 
typical condition. Hence regeneration takes place more rapidly 
from the cut ends of rays where more ray surface is exposed. 


REGENERATION IN SQUARE CUTS IN THE TAIL FINS OF FISHES. 


Small squares cut in the tails of fishes provided a very suitable 
means of studying regeneration from four surfaces in the same 
tail—two longitudinal and two transverse surfaces. 

Regeneration takes place only from the two transverse sur- 
faces of the square and only healing takes place along the longi- 
tudinal surfaces. Cuts nearer the base are better in that they 
can be made much larger and do not break as easily as the more 
distal ones. In small cuts 0.2 X @.2 cm. square, regeneration 
takes place by a multiplication of cells around the cut ends of 
the fin rays and gradually filling in along the longitudinal sur- 
faces by migration from the cross-cut surfaces until a compact 
mass completely fills the cut square. From the anterior cut sur- 
face of the square and from the ends of the cut rays the new 
rays appear during the third week following the cut. No rays 
streak out from the posterior or distal face of the square. Some- 
times the rays do not unite with their mates, but become dis- 
torted or continue to grow and encroach upon the connective 
tissue region distal to the posterior face of the square (Fig. 44). 
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But usually the rays unite with their mates at the posterior sur- 
face and form the original missing number of segments (Figs. 
45-47). Small fragments of rays broken in cutting migrate to 
the surface of the cut and are eliminated by rupturing the sur- 
face of the closed wound or the regenerated tissue. 


Text Fic. k. Regeneration from a small hole cut in the tail of goldfish. 
Fic. 45. Granulation tissue before hole is completely closed. 

Fic. 46. After closure of hole. 

Fic. 47. The new rays united with their mates. 


From squares of 0.4 X 0.4 cms. a larger breadth and length, 
regeneration may occur from the posterior and anterior face of 
the square (Figs. 48-49): The hole never closes and from the 
anterior face rays continue to grow beyond the posterior face of 
the cut, in some cases to the original length of the tail. From 
the posterior face, the maximum length of the regenerated rays 
so far obtained in Fundulus has been eight segments. In sev- 
eral cases of large cuts no growth started from the distal face 
of the cut and the proximal face produced rays before reaching the 
distal face. In these cases the proximal growth continued be- 
yond the distal face and did not connect with it. On the distal 


face there was only healing over. There was no regeneration 
along the longitudinal surfaces of the square (Fig. 4). 
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In a goldfish in which a large square had been cut and which 
subsequently broke, some important facts were observed. In 
the breaking of the square two posterior faces were left intact 


Text Fic. /. Regeneration in large holes cut in the tails of Fundulus. 

Fics. 48, 49. The rays from the anterior and from the posterior face of 
the square have regenerated. The rays from one face of the square pass 
out to one side of the tail and those from the face pass out to the other. 
Eight segments have been formed in the reversed direction. 


as only the center broke out (Fig. 50). Regeneration was 
faster from the anterior face and rays of the regenerate curved 
around the edges of the posterior faces from which new tissue 
was just proliferating. These rays continued growing to form 
the center of the tail and also three rays in the dorsal lobe of the 
tail and two in the ventral lobe. At the end of 45 days, eight 
segments had been formed in the reversed growth from the pos- 
terior face of the square. By 73 days after cutting, the rays 
from the posterior face of the square had reached the same 
number of branches as were in the part distal to the posterior 
face of the cut. A complete reproduction of the skeletal ele- 
ments from the posterior face of the square was obtained, as 
would have been the case had a simple cross cut been made at 
that level. 
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The form of the lobing of the tail was altered in the before- 
mentioned goldfish. The normal lobing of the tail was altered 
to form a lobe within a lobe, as is shown in Fig. 50. The lobe 
of the tail was altered by the rays from the anterior face of the 
square that were originally the first rays of the ventral and dor- 
sal lobes. These rays continued in their growth until they 
reached their limit; their limit was beyond the point of the orig- 
inal center of the tail, even after curving to enter the central 
portion. The original central rays ceased to grow at their orig- 


Text Fic. m. Regeneration in a large hole cut in the tail of a goldfish. 

Fic. 50. A drawing of a tail with a large square that had its distal center 
broken out. (1 and 2) Enlargements of two rays that reversed in the oppo- 
site direction. (3) A ray growing from the anterior face of the square unites 
with a reversed ray from the posterior face of the square at the point of the 
reversal. 


inal limit and a lobing was formed between them and the dis- 
torted rays. A second lobing may be said to exist between the 
distorted and the original lobes. Growth through the center has 
no retarding influence on rays that normally belong in the lobes. 

Reversal of rays in their direction of growth in square holes and 
formation of all the branches that would have been formed if a 
cross cut had been made at the level indicate that the power to 
regenerate and differentiate rests within the fin rays themselves, 
for they were completely disconnected from the base of the tail. 
One ray from the anterior face of the hole connected with a ray 
with reversed growth. The ray from the anterior surface ceased 
growing and the one from the posterior surface which was nearly 
complete continued to completion; (the reversed part exits from 
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between the two rays at their point of fusion in a somewhat 
lateral direction). Cessation of growth in the anterior ray seems 
related with the fact that its surface was no longer exposed, for 
it had not yet reached the minimum size, and would have con- 
tinued to grow if it had not met the ray from the posterior face 





Text Fic. nm. Regeneration after picking out the rays in a given region of 
the tail in Fundulus. 


(Comparisons were made after four and one-half weeks.) 


Fic. 51. Four central stubs were left in the tail. The new rays branched 
and the regenerate filled out space made by the cut. 

Fic. 52. The entire four central rays were removed and only unformed 
connective tissue returned. Alizarin staining did not show any rays. The 
base of the tail was not injured. 

Fic. 53. The entire four central rays were removed. Staining showed 
small rays coming out from the articulating basal plate. There was no 
form in the regenerate. The base was broken in removing the rays. From 
cross cuts in the remaining portion of the tail, rays regenerated in three 
weeks and were visible without staining. 
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of the hole. It is not obvious how Morgan’s pressure theory 
would explain these phenomena. 


REGENERATION AFTER REMOVAL OF THE FIN Rays. 


Regeneration of the tail when some of the fin rays are removed 
has been obtained (Figs. 51-53). The rays are picked from the 
tail in a given region with forceps and a hole is thus made in 
the tail, as the adjoining tissue is also removed except in the 
muscle region of the tail. Healing of the wound may take place. 
If the rays in a goldfish are removed so that a central small ray 
is left adjacent to a long ray of the lobe, healing may take place 
so that the quantity of tissue added is the same as that between 
any two normal rays. 

If a very large area from the tail is removed by picking the 
rays out from the base, a permanent separation in the lobe per- 
sists until new tissue grows out from the base. If a transverse 
cut is made in the portion of the tail in which the rays are intact 
at the same time that the rays are picked out, the rate of growth 
and establishment of typical form is faster by weeks than the 
rate of growth and establishment of form in the region from 
which the rays were removed. It does appear, however, that it 
is possible for new rays to grow out from the base when the old 
ones have been removed. This has been true in three fish—one 
Fundulus and two goldfish. Many fish, however, have not re- 
generated rays. It is difficult to make sure in such an operation 
whether a piece of ray has been left or whether the base of the 
tail has been injured, either of which conditions may account 
for new rays being produced. It appears from the stained and 
cleared tail that the new rays replacing those completely picked 
out in the tail of Fundulus came from the articulating base which 
was injured in the removal of the old rays. 


DISCUSSION. 


Broussonet first showed that if the dorsal fin was cut off so 
that none of the ” is left, wound closure takes place by 
a closing of the cut surface by the ectoderm, but no regeneration 
occurs. Morgan and others have repeated the experiment with 
the same results. The tail-fin will not regenerate if all the fin 


‘ 
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rays are cut off by means of a cut anterior to their articulation 
with the neural and hemal spines of the vertebral column. 

When a ray is split by means of a longitudinal cut it repairs 
itself, but there is no lateral regeneration of the ray substance 
(Morgan). The surrounding tissue is simply replaced between 
it and the adjacent ray. When new growth from a partial cross 
cut reaches a split and repaired ray which has no external adja- 
cent mate, then and only then is there a filling-in of new ma- 
terial in a lateral direction along the longitudinal cut. Morgan 
states that the ray must be cut across if regeneration is to occur ; 
regeneration from ventral, pectoral and dorsal fins shows that 
growth occurs in any direction and any plane from a cross cut. 
Additional evidence for regeneration from a cross cut in any di- 
rection is presented as a result of a reversal of growth from the 
normal to the opposite direction in the tail-fin from cross-cut 
faces of a large square. 

Ryder (1882) in discussing the development of the tail in fishes 
points out that in Alosa and in Pomalobus the tail is fan-shaped 
before the rays are developed, whereas in Salmo and Oncho- 
rynchus the fan-shape is not developed until after the rays have 
appeared. In Gambusia, Siphostoma and Hippocampus there is 
no primitive natatory fold from which the tail develops. 

Braus (1906) showed that in embryonic Elasmobranchs, the 
cartilaginous fin rays would develop independently of the muscle 
buds of the fin by separation and transplantation of the fin-ray 
bud. This was also shown to be the case in some teleosts. 

Harrison (1925) and Detwiler (1925) have shown in Ambly- 
stoma that the forelimb develops from a self-differentiating and 
equipotential system. The mesenchymal anlage may be trans- 
planted and it will differentiate into a limb without its usual 
nerve supply and dependent upon blood for nourishment only. 
Detwiler even showed that the development of the forelimb is 
not dependent on the shoulder girdle. They suggested that the 
growth of the limb may be controlled by the distance of a part 
from the center of the bud; after arriving at a certain distance 
from the center of the anlage, growth would cease. Other mes- 
enchyme could, however, in a restricted sense, due to varying 
potencies, simulate the extirpated anlage and produce an ap- 
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parently normal limb. The explanation of these experiments is 
based on the mesenchyme as a formative factor in growth and 
seems to be in the same category as the explanation offered for 
the types of regeneration in the tails of fishes. 

To Morgan, the early laying down of the distal form of the 
tail is due directly to differences in tensions and pressure rela- 
tions between parts. In Fundulus there is a “ holding-back” ten- 
sion dorsally and ventrally that produces the rounded tail. In 
bilobed Carassius the “ holding-back” tension is greater in the 
center, and the dorso-ventral surfaces grow more rapidly to form 
the bilobed tail. From partial cross surfaces at different levels 
in the same tails, Morgan observed that the rate nearer the base 
of the tail was slightly faster than at a more distal cut surface. 
Quoting Morgan: “ From this evidence there does not seem to 
be any doubt that when two cross-cut surfaces are present on 
the same tail, the new part generally grows somewhat faster 
from the inner of the two surfaces. Comparing this result with 
the growth when the whole tail is cut off squarely, the conclusion 
seems highly probable that the differences in the rate of growth 
over the outer and inner cut surface of the same tail is due to 
the region of the cut, and not to a regulative influence of one re- 
gion on the other. This factor may also be present in the re- 
generation from an oblique surface, but in addition there is also 
present a regulative influence that holds in check the regeneration 
from the more distal parts of the new tail.” 

Barfurth (Morgan, 1902) performed some experiments on tad- 
poles by means of oblique cuts, and on the regenerate from such 
cuts, to find the forces that bring the regenerate into the posi- 
tion of the removed part. He observed that from oblique cuts 
the regenerate makes an angle with the oblique surface that ap- 
proaches a right angle. Barfurth believes that swimming caused 
the regenerate eventually to come in line with the old part. By 
tying down regenerating tadpoles, to prevent swimming, some 
made the adjustment, but some did not. The evidence that he 
presented is not conclusive. 

Inasmuch as the fin rays are of a mesenchymatous origin, and 
because of the independence of the muscle buds of cartilaginous 
rays in Elasmobrenchs and some teleosts, it seems that the possi- 
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bility of the fin rays themselves playing a formative role in growth 
rate and morphogenesis in the tail-fins is more than probable. 
An explanation on such a basis was arrived at as a natural result 
of an attempt to apply several formative systems and theories 
that have been suggested; namely, the nervous system, circula- 
tory system, distance from the base of the tail, axial gradient of 
metabolism, and the tension regulating mechanism of Morgan. 

When the mesenchymatous tail-fin anlage differentiates into 
rays and connective tissue, the contained formative influences 
could either be distributed into the formed parts; e.g., to the rays 
as a result of differentiation, or remain in the tail bud in the 
form of undifferentiated tissue. But, since regeneration of the 
tails is due to growth by mitoses at the level of the cut instead of 
migration, it seems that the result of original embryonic differ- 
entiation must be the segregation of the formative influence to 
the fin rays, or to an interaction of products of differentiation at 
the level of the cut. Of the two alternatives, the former seems 
to be the more plausible. The reversal of direction of growth 
and branching to duplicate the distal parts of the rays from square 
holes seems to support such a view, for here the rays are discon- 
nected from the base. 

The evidence presented in this paper concerning the rate of 
growth from various types of cuts is essentially in agreement 
with the results of Morgan. Morgan showed that the fin rays 
must present an exposed transverse surface in order that regen- 
eration may take place. He thought that the rate of growth in 
the different regions of the tail is due to differences in tensions 
and pressures in different parts of the tail, and that proximal 
ends of oblique cuts exert a “ holding-back ” tension on the more 
distal portion of the surface. The form of the tail in various 
fish is due to differences in pressures and tensions. Evidence has 
here been presented to show that the fin rays play a formative 
role in the regeneration of the tails of fishes. The mode of 
branching of the fin rays and the form of the tail are intimately 
correlated, and regeneration has been shown to take place faster 
ftom surfaces where more fin-ray material has been cut across. 
Braus has shown that the fin-ray anlage will differentiate inde- 
pendently of the muscle bud of the tail, and other mesenchymal 











REGENERATION IN TAIL-FINS OF FISHES. 265 


structures have been shown to differentiate independently of the 
muscular and nervous systems. It is therefore concluded that in 
the development of the tail of the fish, the rate of growth of the 
fin comes to be regulated by the size of the rays, and in regenera- 
tion the rate of growth and consequently the form is controlled 
locally by the cross-sectional area of the fin rays exposed. 


SUMMARY. 


1. Regeneration is faster from the level of the cut that exposes 
more fin-ray cross surface. The difference in arrangement of 
the fin rays in the tails of Fundulus and goldfish accounts for 
the rate of growth being faster or slower at opposite regions of 
the two types of tails. 

2. Regeneration from square holes cut in the tails of fishes 
shows that a reversal of growth of the rays from the posterior 
face of the hole is possible. Healing in the longitudinal faces and 
repairing of the injured rays take place. Regeneration takes 
place only from the cross-cut ends of fin rays. The reversed 
rays are of the same branching pattern as the distal portion from 
which they are produced; that is, the same pattern that a cross 
cut would regenerate posteriorly from that level. 

3. When rays that normally would grow into the lobe of the 
tail are displaced into the central portion of the tail of a gold- 
fish, they are not “held back” by any tension in the center of 
the tail. The rays continue to grow and form abnormal lobes in 
the central portion of the tail. 

4. Correlation between size and branching is brought out by 
two types of cuts. (a) A cut surface anterior to the scaly base 
of the tail in Fundulus regenerates “ abnormal” rays. The shape 
of the tail can thus be changed from rounded to straight, and 
persists as such for more than seven months. (b) An oblique 
cut at the point of doubling of rays in the goldfish exposes more 
cross surface than a straight cross cut. The regenerate from 
such a surface has produced a third set of branches instead of 
two sets, as would be typical in the goldfish used. 

5. There is a minimum size of all rays in a particular kind of 
tail, and the size is apparently equal for all the rays. 

6. The evidence herein presented suggests that the fin rays are 
self-differentiating structures. 
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(a) The initiation of growth is due to cutting the fin rays 
crosswise. 

(b) Rate of growth seems to depend on the amount of ex- 
posed surface of the fin rays. 

(c) Cessation of growth appears to be due to the attainment 
of the minimum size of the ray at which no further growth takes 
place. 

(d) Form of the tail appears not to be associated with pres- 
sure or tension relations but with the mode of branching of the 
fin rays and hence their size and the formative influences that 
they possess. 
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MICRODISSECTION STUDIES ON HUMAN 
SPERMATOZOA. 


G. L. MOENCH, M.D., F.A.C.S., ann HELEN HOLT, B.S. 


Although microdissection studies have been carried out by Bar- 
ber (1, 2, 3), Tschachotin (4), Weber (5), Peterfi (6, 7), and 
others, and Chambers (8, 9, 10, 11), has given a comprehensive 
review of the subject, no such studies, it would seem, have been 
attempted on human spermatozoa. Through the courtesy of Dr. 
Robert Chambers, whom we want to thank here most sincerely, 
we were allowed the use of his laboratory and one of his micro- 
dissection apparatuses. We equipped this for our purpose with 
a special Leitz No. 28,340 substage condenser and a 10X and 
25X compensation ocular, giving up to 2,640 diameters magnifi- 
cation. 

Our original idea in making these studies was to determine 
whether double appearing cells were really double, or only two 
separate but contiguous or adherent cells, and whether other cell 
characteristics or abnormalities, such as apparent head caps, 
coiled tails, tapering heads, and so forth (see Fig. 1) could be 
produced artificially or dissected so as to give some clue as to 
their mode of origin. 

Our results, due in part to the nature of the work itself, have 
thus far not been conclusive, but some rather interesting facts 
have nevertheless been met with. 

We turned our attention first to the double forms, since it has 
been claimed that most of these are only apparent, and not real. 
In no case, however, did the dissection of such a double sperm 
cell prove it to be made up of two single and separate cells. The 
spermatozoa always proved to be attached to one another at one 
or more points, so that separation was impossible without in- 
jury to at least one of the cells. Even such cells as are shown 
in Fig. 1, 10, and Fig. 2, a, to a,, have been proved to be of 
significance, since they show definitely incomplete separation. 
This strengthens the previously expressed view of the senior 
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author that this type of cell indicates some disturbance of sperma- 
togenesis. We have also been able to dissect cytoplasmic masses 
off the base of the cell (Fig. 2, e, and e,, and +) which suggests 
that such thickened membranes as are shown by Fig. 1, 7, are 
remnants of the cytoplasm, present at an earlier stage. 


Fic. 1. 


1. Normal human spermatozoon. 

2. Spermatozoon with a coiled tail, undoubtedly due to purely accidental 
causes. 

3. Spermatozoon of same class as 2. 

4. Spermatozoon with type of coiled tail which may be an artefact or 
may be an actual change in the cell. It is at any rate a late change 
and of relatively little significance with reference to spermatogene- 
sis. Such cells have been seen motile, although their motility is of 
necessity limited (see text). 

5. Spermatozo6n with coiled rudimentary tail. Such cells are useless as 
they have nothing to propel them. 

6. Spermatozoén with head cap. Whether this represents a true head 
cap such as is found in the guinea pig or a separation of the cell 
membrane is still under investigation. 

7. Spermatozoén with basal portion of cell membrane thickened. Rem- 
nant of cytoplasm? 

8. Tapering spermatozo6n head. 

9. Spermatozo6n with bent body. 

10. Lack of complete separation of two sperm cells with small narrow 

heads. 
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That a cell with a bent body or middle piece is not an artefact, 
but represents some inherent disturbance of this region could 
also be definitely demonstrated, since we were able to straighten 
out such cells with the microdissection needles, and saw them 
assume their original deformity immediately upon the release 
from the needles. It is important to note here that live sperma- 
tozoa did not become immotile, as Peterfi (7) has described in the 
case of Leishmania Tropica, when touched by the microdissec- 
tion needles, nor did the sperm cells exhibit any recognizable 
change. 

Cells as depicted in Fig. 1, 4, were also investigated. This 
form of coiling of the tail had occasioned us some trouble of 
interpretation in our studies in human fertility. The coiling did 
not seem to be purely artificial, since this type of cell was usually 
motile in fresh semen specimens, and occurred sometimes with 
great frequency, even in the semen of normally fertile men. 
Thus this malformation could not represent a fundamental dis- 
turbance of spermatogenesis, but rather only a late change. After 
many futile attempts to produce this form of coiling, by heat- 
ing, centrifugation, slow drying, and various reagents, we at last 
succeeded by using distilled water. This is especially remark- 
able because distilled water otherwise produced no visible effect 
upon the spermatozoon, and did not lead to any apparent change 
in the sperm head, while at the same time it caused both spermial 
body and tail to coil up in a half minute or less into a spiral as 
shown in Fig. 3. 

Those sperm cells which had tapering heads were also inter- 
esting to dissect. In confirmation of the fact that such cell heads 
are often seen free without attached body or tail we found that 
the body in this type of cell could be broken off from the head 
by the micromanipulations more easily than in the normally 
Shaped cell. Likewise the bodies of sperm cells kept for several 
days after emission broke off more easily than those of sperma- 
tozoa only two or three hours old. Perhaps this mechanical fac- 
tor also has to be considered in explaining why spermatozoa 
retain their motility longer than their fertilizing power, since the 
tails might break off when such cells are called upon to over- 
come obstacles, for instance, to penetrate the ovum. 
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Fic. 2. In many of the spermatozoa only part of the attached body ‘s 


shown. Unless specially shown, the body and tail were always normal in 

these cells. 

a,. Two spermatozoa closely attached to each other. 

a,. Microdissection needles (m and m) separating the two spermatozoa. 

a,. One spermatozo6n completely separated from the other (a, and a,) 
a, has a projection on its body, and a,', a depression where the two 
cells were torn apart. 

a, Represents a, at a higher magnification. 

b,. Normal motile spermatozo6n grasped by the two microdissection needles 
and still motile. 

bs. Spermatozo6n stretched with full tension on needles. 

bs Small piece broken off at anterior end of the head which in breaking 
released the cell from the pull of the needles and it snapped back, as- 
suming its original shape and the torn off fragment became sphe- 
roidal (b,) (cell no longer motile after being stretched, see text). 

. Three day old non-motile spermatozoon, normal in appearance. 

. Extreme elasticity of head shown. 

. Normal shape regained immediately on releasing the needles. 

. Small piece of head broken off after several restretchings. Broken out 
piece not to be located. 

. Spermatozo6n with tapering head (3 days old). 

. Cell after being stretched by needles did not regain former shape. 

. A spermatozoén with a swollen body (cytoplasm not cast off com- 
pletely ). 


. Mass dissected off with needles. 
. A motile spermatozoén with bent body. 
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An interesting and we believe hitherto unknown physical prop- 
erty of the sperm head is the elasticity which we discovered these 
cells to have. It is most marked in old, non-motile cells, but 
present to a certain degree also in perfectly fresh cells. Even 
the head of the live sperm cells seems, as far as we have been 
able to determine, rather elastic. Fig. 2, b, and b,, for instance, 
represents a spermatozoon still actively motile held by the two 
needles. This sperm head stretched, as shown, until a piece broke 
off the anterior portion of the head, releasing it from the pull 
of the needles. The cell now was no longer motile, but we could 
not determine exactly when motility ceased. Due to the fact 
that the cell, to manipulate it, was pulled out of the main body 
of the small drop of semen to its shallow edge, the motility of 
the spermatozodn may also have been affected by the extreme 
shallowness of the seminal fluid at this point. We hope with 
more practice to be able to manipulate the cells in the deeper por- 
tions of the seminal drops. Old, non-motile cells stretched very 
far (Fig. 2, c, to c,). While it is true that dead leucocytes can 
likewise be stretched to a considerable degree these white blood 
cells show no sign of the surprising degree of elasticity exhib- 
ited by the dead sperm heads. It must be remembered, how- 
ever, that the sperm head consists probably entirely of nuclear 
material. Under all the conditions tried, even in perfectly fresh 
semen, the sperm head was found to be tough and viscid, and 
even when cut with the needles, gave no evidence of any escape 
of nuclear material. On the contrary, the cell injury tended to 
disappear, so that in a minute or two no evidence of the original 
injury was to be seen (Fig. 2, g, and g,). Nevertheless, the re- 
pair of the lesion was often more apparent than real, because in 
pushing the head into various positions with the needle, the 
original gap might reappear, even if this area were not again 
fa Same cell straightened out with the microdissection needles. 


fs. Same cell after release from the needles. 

9;. Head of motile cell 2 hours old with a gaping tear produced by a 
needle. 

92 Gap has disappeared, cell again looks normal. 

h. Unusual type of spermatozo6n with much unshed cytoplasm, seen motile 
in a semen specimen. 

i. Tapering sperm head surrounded at base by cytoplasm which has been 
dissected off on one side. 
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touched. In several cases, however, the size of the gap was dis- 
tinctly smaller than the originally produced separation of the 
tissues. The elasticity of the sperm head substance was also 
shown by the fact that irregularly shaped pieces broken off from 
the head with the needles tended to assume a spheroidal, or at 


Fic. 3. Coiling of tails of sperm cells in distilled water. 

a,. Normal spermatozo6n in seminal fluid. 

a, Same cell a few seconds after it was pulled into distilled water by the 
microdissection needles. Tail fibrillating like frog’s muscle in rigor 
mortis. Nevertheless this. whole process of coiling of the tail must 
not be considered as a dying reaction of the cell as motile cells like 
a, to a, have been frequently seen (see text and Fig. 1). 

a,. First whip-like lash of tail. 

a, Second convulsive jerk of tail. 

a;. Third stage of reaction. Tail completely coiled. 

b, to bs. Same stages in another normal spermatozoén which had, however, 
a small loop at the end of the tail from the start. 

b, Cell head seen on edge. 

It is easy enough to see how in cells like a, and b, the tail by folding 
over in the long axis of the head at the junction of the body and head may 
come to surround the spermial head. 
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least a more compact shape, and when stretched, showed an elas- 
ticity similar to that of the intact sperm head. It is worth noting, 
however, that a tapering cell after being stretched did not al- 
ways contract to its former shape, and it would seem in general 
that this type of sperm head has less elasticity than normally 
shaped heads. 

Our experiments thus far, at least prove that the various dif- 
ferences in size and shape of the sperm heads observed in semi- 
nal smears are really what they appear to be, and not due simply 
to external influences at work during the process of preparing 
and staining the sperm cells. 


30 East 58TH STREET, 
New York Ciry. 
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I. INTRODUCTION. 


The problem of the vitality of the gametes is an important one, 
and especially in the mammals a problem that deserves additional 
study. The length of the life of the spermatozoa after introduc- 
tion into the vagina at mating periods, the fate of excess sperm, 
and the influence of different physiological states of the uterus 
upon them are problems requiring, additional consideration. 

The work of Hammond and Asdell (’26) on germ cell viabil- 

1 This investigation has been aided by a grant from the committee on 


research in problems of sex of the National Research Council; grant ad- 
ministered by Prof. F. R. Lillie. 
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ity and fertility in the rabbit has done a great deal toward dis- 
pelling apparently erroneous conceptions promoted by statements 
from casual observations, often under conditions where the true 
state of affairs has been difficult to determine. 

Stimulated by direct association with the study of Moore (’27, 
28) on the viability of spermatozoa within the male tract, and 
at his suggestion, I have extended the study to the spermatozoa 
after their introduction into the female reproductive system. 
The rat and guinea pig have supplied the material for the ex- 
periment; and attention has been directed not only to the length 


, 


of life of spermatozoa after introduction into the female at nor- 
mal copulation, but also to spermatozoa after artificial introduc- 
tion into the uterine tubes at inter-cestrum, both in the same spe- 
cies and in a foreign species. The results of this study are 
presented in the following pages. 

I take this opportunity of expressing my indebtedness to Prof. 
Carl R. Moore for suggesting the problem, and for counsel and 
guidance during its progress. 


II. ReLrative AmMouNT AND MOTILITy, AND THE LOCATION OF 
GUINEA-PIG SPERMATOZOA IN THE FEMALE RE- 
PRODUCTIVE SYSTEM AFTER: 


A. Normal Copulation. 


Stockard and Papanicalaou (’17, *19) have clearly demon- 
strated the details of the cestrous cycle in the guinea pig. By 
noting the vaginal orifice one is able to select females as the period 
of cestrum approaches; and by introducing them into a cage con- 
taining the male animal, matings can be observed and the exact 
time of introduction of the sperm into the vagina recorded. Such 
females have been sacrificed at variable periods after copulation, 
and a routine search made for spermatozoa as follows: 

Upon opening the body cavity dry slides were pressed against 
the ovary and surrounding region, normal saline was added to 
the smear, and an immediate microscopic search made for the 
presence of spermatozoa. Following this examination, the horns, 
oviducts, and ovaries were relieved from the posterior abdom- 
inal wall, and a hemostat placed at the junction of the oviduct 
and uterine horn. A hemostat was also placed at the bifurcation 
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of the horns and the body of the uterus. The ligature of these 
places prevented any sperm cells from passing out or contami- 
nating one part or another. The oviducts were severed, placed 
in a depression slide containing normal saline, finely hashed with 
scissors, and the slide examined for the presence of spermatozoa. 
The uterine horns were examined differently. After cutting the 
horn from the body of the uterus, it was placed on a depression 
slide, cut longitudinally, normal saline added, and the contents 
scraped into the depression and examined. The horn was then 
transferred to another slide containing saline, but the epithelial 
side was inverted and allowed to stand until the previous slide had 
been examined. By this procedure it was hoped that most of the 
sperm were recovered. 

The reproductive tract of thirteen female guinea pigs were ex- 
amined as outlined above, between three and forty-five hours after 
witnessed matings. The observations on the spermatozoon con- 
dition in the various regions are presented in Table 1. 

Since it was early appreciated that the motility of the sperma- 
tozoa was preserved for several hours after normal copulation, 
the majority of the observations were made during the second 
day. Reference to Table 1 emphasizes the fact that spermatozoa 
disappear from the vagina rather rapidly. One female examined 
at three hours after mating showed a few motile spermatozoa, but 
neither motile nor dead sperm were found in the vagina after 
nineteen hours in eleven cases examined. 

Shortly after copulation quantities of spermatozoa that show 
vigorous motility can be recovered from the uterine horns. As 
the interval after mating is increased the vigor of motility can be 
seen to decrease. In nine females sacrificed on or before forty- 
one hours after mating motile sperm were recoverd from the 
uterine horns. In four animals sacrificed at forty-four and forty- 
five hours only a few non-motile spermatozoa were recovered. 

The quantity of spermatozoa within the uterine horns dimin- 
ishes fairly rapidly during the second day. I have been unable 
to satisfy myself as to the exact method of their elimination, but 
believe it to be largely due to the phagocytic action of cells within 
the lumen of the tract. One is able to note the collection of cells, 
probably leucocytes, about individual or several sperms. Continued 
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observation revealed that the head of the spermatozoa was the first 
to be taken in by the phagocytes. Indeed, it was very common to 
see the head of an engulfed sperm within the cell, while the tail, 
in some cases, remained free and moved back and forth. Such 


TABLE I. 


CONDITIONS OF THE SPERMATOZOA IN 
NorMAL CopPpuLATION. 


No. Hrs. 
of after 
Animal.| Cop. 
Vagina. 


feebly 
motile 
Not ex- 
amined 
None 
present 
None 
present 
None 
present 


None 
present 

None 
present 


None 
present 


None 
present 


None 
present 


None 
present 


None 
present 


None 
present 


Uterine Horns. 


Many present, 
highly motile 


Many present, 
highly motile 

Many present, 
highly motile 

Many present, 
highly motile 

Very few, feebly 
motile 


Few, highly mo- 
tile 
Few, 
tile 


feebly mo- 


Few, 
tile 


feebly mo- 


Few, 
tile 


feebly mo- 
Very. few dead 
Very few dead 
few dead 


Very 


Very few dead 


Relative Number and Motility of the Spermatozoa in: 


Oviducts 


Few, feebly 
motile 


Few, feebly 
motile 

None present 

None found 

Very few, feebly 
motile 

Very few dead 

Few, feebly mo- 
tile 

Very few dead 

Very few, feebly 
motile 


Very few dead 


Very few dead 


Very few dead 


Very few dead 
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Found 3 dead 
sperm in body 
cavity near 
ovary 

None found in 
body cavity 

Found dead 
sperm in body 
cavity near 
ovary 

Dead sperm in 
body cavity near 
ovary 

No sperm found 
in peritoneal 
cavity 

No sperm found 
in peritoneal 
cavity 

Few dead sperm 
found in body 
cavity 

Some dead sperm 
found in body 
cavity 

No sperm found 
in peritoneal 
cavity 


observations appear to be in accord with those of Hoehne and 
Behne (’14) and other experimenters who believe that phagocy- 
tosis of the spermatozoa by leucocytes is largely responsible for 
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their destruction in many animals. Histological sections of the 
female tract were not made; therefore, I am unable to offer an 
opinion concerning the possible phagocytic action of the intact 
epithelium. 

The fact that eleven females observed between nineteen and 
forty-five hours after mating failed to show the presence of living 
or dead spermatozoa in the vagina indicate that they are not re- 
moved by being passed from the tract externally. 

Spermatozoa have been recovered from the oviducts three hours 
after mating. Motile sperm were found in the majority of the 
females examined forty-one hours or earlier, but later than this 
only non-motile ones were seen. 

Examinations of the body cavity in five cases revealed dead 
spermatozoa. These had ascended through the uterine horn and 
oviduct, and passed through the slit-like communication between 
the ovarian bursa and the body cavity, Zuckerandl (97). No mo- 
tile spermatozoa, however, were recovered from the body cavity. 

From these observations one may conclude that spermatozoa 
introduced into the female guinea-pig at coitus may retain their 
motility for forty-one hours. This is no implication that their fer- 
tilizing capacity is retained for this length of time. 


B. Injection of Spermatozoa into the Guinea-pig Uterus at 
(Estrum. 


Few, if any, attempts have been made to correlate spermatozo6n 
activity with different physiological conditions of the uterus. It 
is an interesting question to enquire whether differences in via- 
bility might exist at different periods within the cestrous cycle, 
due perhaps to physiological conditions produced by the uterine 
rhythm. 

Since the female guinea pig will not mate with the male except 
at cestrum, sperm suspensions were injected through the wall of 
the uterine horns after these had been exposed through a smail 
aperture in the abdomen. Spermatozoa introduced into the 
uterus thus differed from their normal introduction in that no 
coitus occurred, an abdominal aperture and uterine wall punc- 
ture were experienced, and the spermatozoa were not mixed with 
the normal secretions of the seminal vesicles, prostate, nor Cow- 
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per’s glands. Departing so radically from the ordinary course 
of nature it was thought necessary to compare the viability of the 
spermatozoa so introduced with the normal by making observa- 
tions at cestrum. ‘The effect of the unusual procedures should 
therefore be appreciated before comparisons are made with the 


TABLE 2. 


CONDITIONS OF THE SPERMATOZOA IN THE FEMALE GUINEA PIG AFTER 
INJECTION aT CEsTRUM. 


Hrs. | Relative Number and Motility of the Spermatozoa in: 
I icicle at Ri a lk Re Remarks. 
Inj. 

Vagina. Uterine Horns. Oviducts. 


Few present, Few present 
feebly motile feebly motile 
Few dead None found 
Few, very feebly | Very few dead Note animal No. 
motile 18, Table No. 2. 
Very few, feebly | Very few dead Note animal No. 
motile, few dead 9, Table No. 2. 
Few dead Few dead 
Very few dead Very few dead Sperm from same 
male inj. into 
No. 26 at same 
time 
Very few dead| Very few dead 
Many dead, 2/4 or 5 dead, few 
feebly motile feebly motile 


Very few dead, | None found 
few feebly mo- 
tile 
Very few dead 3 or 4 dead sperm 
found 
Many dead, | Few dead 50% present in 
many fairly mo- the horns were 
tile motile 


inter-cestrous period. The procedure was as follows: Females in 
“heat” can be detected either with vasectomized males, or some- 
times by the “touch” method and coitus be avoided. Such fe- 
males were operated to expose the uterus and by means of a 
hypodermic syringe approximately 1% cc. of a sperm suspension 
was injected into each horn of the uterus. The vagina was ligated, 
usually to prevent discharge of the injected material but care was 
exercised to avoid hindrance to the blood supply. The sperm 
suspension was made by finely hashing two epididymides in a few 
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drops of physiological saline solution. Epididymal spermatozoa are 
thus obtained in high concentration, unmixed with seminal! vesicle, 
prostate or Cowper’s glands secretion. The female tract was ex- 
amined for spermatozoa as after normal mating. 

The results obtained from injecting such spermatozo6n sus- 
pensions into the uterus of guinea pigs at cestrum are given in 
Table 2. Among eleven females sacrificed between nineteen and 
forty-one hours after injection, six showed motile sperm in the 
uterus, and the other five only non-motile cells. Motile sperma- 
tozoa were recovered from the oviducts in only two. 

It is perhaps surprising to note that motile sperm were recov- 
ered from the uterine horns forty-one and one half hours after 
their artificial introduction by the above method. Since I was un- 
able to find motile sperm for periods longer than this after nor- 
mal copulation, it becomes apparent that epididymal sperm in- 
troduced at cestrum by injection through the uterine horns retain 
their motility for approximately the same length of time as those 
introduced in mating. It is interesting to note that spermatozoa 
taken directly from the epididymis, unmixed with the secretions 


of the seminal vesicles, prostate, and Cowper’s glands, remained 
alive for as long a time as those mixed with the secretions of the 
accessory glands at normal coitus. 


C. Injection of Spermatozoa at Inter-astrum. 


Since the persistence of motility of injected sperm was found 
to be of approximately the same duration as those introduced at 
coitus, one is able to study the effect of the uterine conditions at 
inter-cestrum. As the guinea-pig cestrous cycle has been shown to 
be approximately fifteen days in duration (Stockard and Papanica- 
laou), the mid or inter-cestrum was considered to be present about 
the eighth day after a definitely detected “ heat ” period. 

Observations were made upon twenty-three female guinea pigs, 
into the uterus of which sperm suspensions had been injected, as 
described in section B. The results obtained are grouped in 
Table 3. Nine of the twenty-three females sacrificed between the 
fifth and fortieth hours after sperm injections showed motile 
spermatozoa in the uterine horns, and from six others motile 
sperm were recovered from the oviducts. Some non-motile sperm 
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TABLE 3. 


CONDITIONS OF THE SPERMATOZOA IN THE FEMALE GuINEA PIG AFTER 


Hrs. 
after 
Inj. 


Ligated 


“ 


Ligated 


Many 
highly motile 
Few feebly mo- 
tile, many dead 
Many motile, 
many dead 
None found 


Few motile, many 
dead 


None motile 
many dead 
None found 


Few feebly mo- 
tile, many dead 

Very many dead 

Very few present 
dead 

Few dead 


Few feebly mo- 
tile 

Few dead 

Very few dead 

Very many dead 

Few motile, few 
dead 

Very many dead 


Many dead, few 
motile 


Very many dead, 
very many mo- 
tile 

Few dead 

Many dead 

Many dead 


Very many dead 


INJECTION AT INTER-CESTRUM. 


Relative Number and Motility of the Spermatozoa in: 


Not examined 
ligated 

Not examined 
ligated 

Not examined 
ligated 

Not examined 
ligated 

Few highly mo- 
tile 


Few dead, few 
feebly motile 
Ligated 


Very many, high- 
ly motile 

Ligated 

Few present 
feebly motile 

Few dead 


Few feebly mo- 
tile 

None found 

Very few dead 

Very few dead 

Few motile, few 
dead 

Very many dead 


Very many dead 


Two dead sperm 
found 


None found 

Few dead 

6 or 8 dead, 
sperm found 

Very few dead 


Remarks. 


I sperm vigor- 
ously motile in 
oviduct 


A very 
injection 
made 


good 
was 


Sperminjected 
through the 
vagina 


Sperm from same 
male also in- 
jected into ani- 
mal 2A, Table 


Sperm from same 
male inj. into 
No. 12A, Table 
3 
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were present in all. Thirty-six hours after injection, motile sper- 
matozoa were recovered from the uterine horns; and in four fe- 
males examined at the fortieth hour only dead cells were ob- 
served. 

Animal number 22A, examined at thirty-six hours after in- 
jection, however, showed relatively large numbers of motile 
spermatozoa, and the motility was yet quite vigorous. It is quite 
certain that these sperm would have retained their motility for 
some time longer than thirty-six hours, but for how long is un- 
known. The difference of only five hours maximum duration of 
motility between sperm injected at cestrum and those injected at 
inter-cestrum does not appear to me to be of any real significance. 
So far as my results are concerned there is little or no indication 
of a characteristic differential survival time of spermatozoa intro- 
duced into the uterus at cestrum as compared with inter-cestrum. 


D. Injection of Guinea-pig Spermatozoa into the Rat Uterus at 
CEstrum. 


In order to obtain further knowledge on the behavior of guinea- 
pig spermatozoa they were injected into the uterine horns of the 
rat at cestrum. In this way the influence of the environment upon 
the life of the sperm could be studied. 

The female rats were observed in the evening, for at that time 
the heat period is more likely to be detected. One female at a 
time was placed with a vasectomized rat, and the reactions ob- 
served. As soon as an animal came into “heat,” it was operated 
and the uterus ligated at its junction with the vagina. In connec- 
tion with this procedure it was noted that in every case the uterine 
horns were distended with a clear watery fluid. Long and Evans 
(’22) have described this condition at the cestrous period in the 
rat. 

The sperm were taken from the epididymides of the guinea pig, 
mixed with a few drops of physiological saline to make about I cc., 
and half of this injected into each uterine horn. 

A condensed outline of the results is given in Table 4. Nine 
female rats, into the uterine horns of which guinea-pig sperma- 
tozoon suspensions had been injected, were observed between the 
ninth and twenty-first hours after injection. Of the nine animals 
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examined only two were found to possess motile spermatozoa, one 
at the tenth and at the eleventh hour. In each case, however, only 
one or two cells were found that showed any movement, and this 
was very slight. 

Not only are the spermatozoa of the guinea pig rapidly killed 
after introduction into the rat uterus, but also the dead sperm are 
rapidly removed from the horns. Large masses of dead sperm 
were obtained from the guinea-pig uterus up to forty hours, but 
after injection of similar guinea-pig sperm suspensions into the 
rat uterus they are practically all removed within one half this 
time. 

These findings clearly show that the environment (uterus) has 
a remarkable effect upon the spermatozo6n life, for whereas a 
guinea-pig sperm suspension injected into the guinea-pig uterus 
shows some motility up to about forty hours, with quantities of 
dead sperm remaining, similar suspensions injected into the rat 
uterus is followed by loss of all motility within approximately 
eleven hours, and a rapid removal of dead spermatozoa. 


III. Retative AMOUNT AND MOTILITY, AND THE LOCATION OF 
Rat SPERMATOZOA IN THE FEMALE REPRODUCTIVE 
SYSTEM AFTER: 


A. Normal Copulation. 


Experiments with the rat which duplicated those on the guinea 
pig were conducted for the purpose of comparing the length of 
spermatozoon life in the two. 

Normal copulations were witnessed, the time recorded, and the 
females sacrificed as desired for observation. My observations 
on the persistence of motility of spermatozoa in the rat after nor- 
mal coitus are recorded in Table 5. Various parts of the repro- 
ductive system were clamped off, and search for spermatozoa was 
conducted as in the case of the guinea pig. 

The female rat was not examined earlier than twelve hours after 
mating. Fourteen animals were sacrificed between twelve and 
twenty-three hours after copulation. Motile sperm were recov- 
ered from only four animals, and dead cells from all but one. 
The latter was not observed until twenty-three hours after mating. 
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Motile sperm were recovered from the oviducts sixteen and 
seventeen hours after copulation, from the vagina at fourteen and 
one half hours in one animal, and from the uterine horns and ovi- 
ducts in larger quantities and more vigorously motile at twelve 
hours after mating. 


B. Injection of Rat Spermatozoa into the Rat Uterus at GEstrum. 


Rat spermatozoa were injected into the female rat at cestrum in 
order to compare the conditions found after normal copulation 
with those caused by the injection of the sperm, and also to com- 
pare the results of injecting the sperm into the guinea pig. 

One female rat at a time was placed with a vasectomized male, 
and as soon as an animal was found to be in “ heat” the rat sperm 
were injected. The injections consisted of a spermatozo6én sus- 
pension made by finely hashing two epididymides in a few drops 
of normal saline. The resulting concentrated sperm suspension 
was then strained through a piece of sterile gauze, and drawn 
into a hypodermic syringe. The volume of sperm and saline thus 
obtained was about 1 cc. The female was opened and the horns 
were ligated near their junction with the vagina, care being taken 
to avoid interference with the blood supply of the genital tract. 
About % cc. of this sperm suspension was injected into each horn, 
and later the animal was killed for examination. 

Table 6 shows a record of the observations made, and it will be 
noticed that motile spermatozoa were found up to twelve and one 
half hours after injection as compared to seventeen hours after 
normal copulation. Evidently rat spermatozoa are more sensitive 
to injection than guinea-pig sperm, for there is a difference of four 
and one half hours in the length of time they were found alive. 
It was found that injection of guinea-pig spermatozoa into the 
guinea pig did not show this percentage difference. 

The uterine fluid was removed from only one animal, 2B, and 
that from the left horn. However, in this case dead spermatozoa 
were foud in the right oviduct, but none were found in the left 
one. This indicates that the uterine fluid may assist the sperm 
in their ascention toward the ovary. It does not necessarily pre- 
serve their life, for motile sperm were found in the left horn 
while only dead ones were found in the right horn. 
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C. Injection of Rat Spermatozoa into the Guinea-pig Uterus. 


Suspensions of rat spermatozoa, prepared as above outlined, 
were injected into the guinea-pig uterus to study the effect of a 
foreign uterine environment upon their motility. 


TABLE 7. 


INJECTION OF Rat SPERMATOZOA INTO THE GUINEA Pic At CEsTRUM AND 
AT INTER-CESTRUM. 








Hrs. | Relative Number and Motility of Spermatozoa in: er 
after Time of Injection in 
ea ee a ee Sexual Cycle. 
Vagina. Uterine Horns. Oviducts. 
Ligated | Many dead, 2 or 3| Few dead At cestrum 
motile 
Many dead, 2 or 3 | Few dead At inter-cestrum 
motile 
Many dead 5 or 6 dead Pe 
Few dead Many dead Fr * 
Many dead Few dead ‘5 ” 
Many dead Many dead At cestrum 
Few dead Many dead - - 
Many dead Many dead * 
Many dead Few dead 








Nine female guinea pigs (five at cestrum and four at inter- 
cestrum) were injected with rat spermatozoOn suspensions, and 
the reproductive tract examined between four and six hours after 
the injection. The record of observations given in Table 7 con- 
sists of the nine injections at the two different stages of uterine 
development. 

Two animals of the nine examined revealed motile sperm at 
four and four and one half hours. Seven females examined six 
hours after injection showed dead spermatozoa in both the uterine 
horns and the oviducts, but none were found alive. 

Since rat spermatozoa injected into the rat uterus in the same 
manner as those injected into the guinea pig were found to pos- 
sess motility for 1244 hours whereas in the guinea-pig uterus mo- 
tility survived for less than six hours, it is evident that the spe- 


cies foreign uterus does present an environment in which motility 
is more rapidly lost. 
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IV. Discussion. 


Several, possibly the majority, of the current textbooks of 
gynecology, embryology, and obstetrics state that human sperma- 
tozoa retain their motility in the female reproductive tract for 
three and a half weeks. So far as I can ascertain such state- 
ments are based upon the report of Duhrssen (’93) who claims 
to have found twelve motile sperm in a diseased Fallopian tube 
removed nine days after admission of the patient to the clinic; 
and according to the patient the last coitus had occurred three 
and one half weeks previous. Strict dependence’ cannot always 
be placed upon such verbal statements; and it would appear that 
in the absence of substantiation of such reports from carefully 
conducted investigation, the idea if untenable should be relegated 
to history. 

After a brief survey of the length of life of spermatozoa in 
some of the lower vertebrates, some data pertaining to spermato- 
zoon life in the human female will be given. Readily admitting 
the risk of drawing conclusions for one animal species on data 
obtained from a different species, one should not be deterred from 
conducting sufficient investigation to appreciate the general bio- 
logical principles underlying the question. 

My own observations upon laboratory mammals have convinced 
me that spermatozoa introduced into the female guinea-pig repro- 
ductive tract at a normal mating do not retain their motility for 
longer than approximately 40 hours. I have found them con- 
sistently up to 40 hours, but in ever diminishing numbers and in- 
tensity of motility as this period is approached. Forty-one hours 
is the maximum time motility was observed in the guinea pig, 
and beyond this time only non-motile sperm were observed. 

In the rat, spermatozoa live for even a shorter time after cop- 
ulation. In one case examined 17 hours after mating a few mo- 
tile spermatozoa were present, but in the majority of cases ex- 
amined 12 to 16 hours post-coitus, the cells were present but non- 
motile. 

Turning to the literature dealing with similar studies on mam- 
mals, other than man, we find many similar experiences. Hensen 
(’81), cited by Hoehe and Behne, stated that sperm in the guinea 

pig were immotile 16 hours after copulation. It is certain, how- 
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ever, that a more extensive study would have extended the period 
of life, as my experiments show. In the mouse Sobotta (’95) 
claims that spermatozoa live only 9 to 10 hours and are then ab- 
sorbed by the uterus. In the rabbit Hammond and Asdell (’26) 
showed that the spermatozoa were motile and capable of fertil- 
izing the ovum for but 30 hours. The maximum persistence of 
motility was not determined. They state: “ With regard to the 
time differences observed between the loss of motility of the 
sperms and the loss of their power to fertilize ova, the writers 
are not inclined to think that there is any abstruse mechanism 
involved in these differences whereby the fertilizing power is de- 
stroyed without affecting the motility. The results given above 
suggest rather that difficult conditions which exist for the sperm 
in the female passages, which allow of a life of 30 hours instead 
of 33 days (in the male tract), are sufficient to kill off sperms of 
low vitality under 10 hours, the time at which ovulation normally 
occurs after coitus in the rabbit.” 

Hoehne and Behne (’14) found a few motile sperm in the 
uterus of a rabbit two days post-coitus, but none were found in 
the oviducts. In the mare, Anderson (’22) found vigorously 
motile sperm in the uterus and tubes 7% hours post-coitus. It 
is, however, not known how long the spermatozoa would have 
lived. His experiments and observations on the persistence of 
life of spermatozoa lead him to believe that they rarely live longer 
than 48 hours in the female tract. 

Lewis (’11) sacrificed 25 sows after normal matings, and ex- 
amined them for the distribution and persistence of sperm. In 
three cases only could live spermatozoa be found for periods 
longer than 20 hours after coitus. One showed a few motile cells 
at 41% hours. 

In all literature reports, with which I am familiar, the persist- 
ence of spermatozoa in the female genital tract of lower mam- 
mals all agree in one general respect, namely: that the life of 
sperm after introduction into the female tract is to be reckoned 
in terms of a few hours (30 to 40 hours). One outstanding ex- 
ception for mammals (the bat), and conditions found in fowl are 
to be noted. Several different accounts of copulation and fertili- 
zation in the bat agree in the general idea that copulation occurs 
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before the winter hibernation, that the spermatozoa remain alive, 
though quiescent, over winter and fertilize the ovum during the 
following spring. The account of Courrier (’27) is an extensive 
review of this general situation. In the bat conditions are com- 
plicated by the hibernating state: the spermatozoa apparently 
exist in quiescent clumps, and are not in a state of motility; hence, 
the persistence of life in such a state, and in an organism at a low 
metabolic level, is on a different plane from the rapid and con- 
tinuously motile sperm in the uterus of the average mammal. In 
other words, the sperm are in a state similar to that of their 
quiescence in the male genital tract. 

In the fowl, it has been generally stated that fertile eggs may be 
laid for a period of approximately two weeks after isolation of 
the cock. However, in the duck Chappellier (’14) found abso- 
lute sterility from the 7th to 11th day. In the case of fowl, as 
will be discussed later, the testis is abdominal and the natural tem- 
perature at which the sperms are formed is similar to that of the 
oviduct, which is not the case in most mammals where the scrotal 
temperature is lower than the abdominal temperature. 

If we examine the data on spermatozoon motility in the human 
female tract we have the older conception of Duhrssen (’93) that 
they remain alive for three and one half weeks. Pertaining to the 
report of Duhrssen, Hoehne (’14) states: “such vital energy in 
the sperm is rather unusual in my opinion. It may be explained 
by the lack of reaction (phagocytosis of the sperm by leucocytes) 
in the diseased Fallopian tube.” Bossi (’91) refers to a case in 
which the sperm are said to have survived over 12 days. Niirn- 
berger (20) demonstrated motile spermatozoa in normal Fallo- 
pian tubes, which had been removed 13 or 14 days after the 
last stated cohabitation. Strassmann (’95) records the occur- 
rence of living sperm in the human female a week after the last 
coitus. Triepel (’14, 19) assumes that the spermatozoa live only 
a short time in the female tract. 

Huhner (’28) states that sperm lose much of their motility 
within 15 minutes and are dead within 4 hours in the vagina; and 
that many cases of sterility are attributed to the fact, under cer- 
tain conditions, that the spermatozoa are rendered immotile by 
the unfavorable conditions of the vagina before they reach the 
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cervical canal. Hoehne and Behne (’14) made a thorough study 
of sperm motility in the human and found that in most cases the 
spermatozoa were killed within one hour in the vagina and within 
2 or 3 days in the uterus and tubes. They conclude that there is 
no evidence that the sperm live longer than 3 days in the normal 
human female uterus. 

Runge (’09) also conducted an extensive experiment on this 
problem and agrees very closely with the latter’s results. He 
conducted 32 observations on 17 women (non-gravid) and found 
that the sperm are killed much quicker in the vagina than in other 
parts. He was able to find live spermatozoa in the uterus 36 
hours post-coitus in a few cases, but failed to observe living sper- 
matozoa in the uterus after 3 days. 

The fact that usually the assertion of the individual as to the 
time of the last coitus is the basis upon which the length of life of 
the spermatozoa in the tract, where recovery and motility have 
been noted so long, give the feeling that many reports have to be 
discounted. Such reliance may account for so many conflicting 
statements. 

A biological fact that has but recently been appreciated is the 
deleterious effects body temperature has upon the sperm. Moore 
(’28) and Benoit (’26) have shown that guinea-pig spermatozoa 
in the tail of the epididymis will remain alive and capable of mo- 
tility for as long as 65 days, provided the epididymis remains in 
the scrotal sac and subject to its normal heat regulating properties. 
Moore (’26) and Heller (29), working under Moore’s direction, 
have shown, however, that after the same operation if the epi- 
didymis is elevated into the abdomen where it is subjected to the 
normal body temperature the sperm remain alive for but 14 days. 

In the rabbit Hammond and Asdell (’26) found that the aver- 
age scrotal temperature taken from a number of bucks was 3° F. 
lower than the abdominal temperature. The general body tem- 
perature, therefore, reduces the life of sperm, even when they are 
confined within the male reproductive tract and in a quiescent state 
amid the secretion material normal for them. 

Comparing the life in the male tract with my findings in the 
female tract in which the spermatozoa retain their motility for but 
40 hours, even when introduced with the male secretions at copu- 
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lation, one appreciates that their life is greatly curtailed. This is 
not due alone to the action of body temperature, which must be 
recognized as a factor, but to constant and vigorous motility tend- 
ing to exhaustion, and to the action of phagocytes, and possible 
uterine secretions harmful to them. 

Considering all these elements and the report of more recent 
observations in the human, it is probable that we will have to 
consider motility in the human female tract as more truly being 
expressed in terms of a few days (2 to 3 days) than in terms of 
weeks as most textbook accounts indicate. Again, it should be 
emphasized that we are speaking of mere capacity to show mo- 
tility and not fertility. Lillie (’15) emphasized that the fertilizing 
capacity of invertebrate sperm is lost considerably earlier than 
motility. However, Hammond and Asdell (’26) believe that in 
the rabbit loss of fertility and motility are closely related. 

On general principles one might assume that the changes in the 
uterus would be such as to favor the retention of motility of the 
spermatozoa at the time they would normally be introduced at 
mating, or conversely, that the uterus at inter-cestrum would be 
less favorable for the male sex cells. My observations, however, 
do not support such a conception. Spermatozoa introduced into 
the uterus at cestrum either by normal copulation or by intro- 
ducing them with a hypodermic needle through the uterine walls 
have been seen to retain their motility for 40 hours. When they 
were introduced at inter-cestrum they were observed to retain 
their motility to 36 hours. The difference of four hours in dura- 
tion of motility in the uterus at cestrum and inter-cestrum is so 
small that I do not consider it of importance. At 36 hours 
movement of a fairly vigorous type in a fair percentage of the 
remaining spermatozoa leads me to believe that more cases ex- 
amined would serve to extend somewhat the maximum period of 
motility observed. 

To emphasize the variable period of sperm motility in different 
species it may be recalled here that guinea-pig spermatozoa remain 
motile after coitus for longer periods than do rat spermatozoa. The 
maximum periods observed by me were 41 hours in the guinea 
pig and 17 hours in the rat. One must exercise caution in making 
too strict an application of the period of motility retention in one 
animal to the possible length in an animal of another species. 
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Hoehne (’14) and Hoehne and Behne (’14) injected foreign 
and species specific sperm to study the persistence of motility. 
They do not give the procedures or methods but a brief summary 
of their results may be noted. Hoehne (14) states that if rabbit 
sperm are injected into the guinea pig and vice versa, after 9 hours 
there are many dead sperm in the uterus and tubes, after 2 days 
the number of motile sperm is less; after 4 days there are only a 
very few living spermatozoa. However, if the sperm are injected 
into the body cavity they are eliminated within 4-20 hours by 
phagocytosis. Hoehne and Behne (’14) injected human sperma- 
tozoa into the rabbit uterus, and after 3 or 4 days the findings 
were negative; in one case one live sperm was found 18 hours 
after the injection. When rabbit sperm were injected into the 
rabbit most of the sperm were dead after 2 days, and all were 
dead after 6 days. After normal coitus in the rabbit a few motile 
spermatozoa were found in the uterus after 2 days. 

Perhaps the guinea pig and rabbit are more closely related in 
this respect than the guinea pig and the rat, but it is interesting 
to note the effect of a strange uterine environment on the per- 
sistence of sperm motility. In my experiments guinea-pig sper- 
matozoa injected into the guinea-pig uterus with a hypodermic 
needle have been found to be motile for 40 hours. Similar guinea- 
pig sperm injections into the rat uterus, however, showed motility 
for but 11 hours as a maximum. A simliar reduction in the length 
of time spermatozoa remain motile was seen when rat sperm 
suspensions were injected into the rat uterus and guinea-pig 
uterus. Rat sperm injected into the rat uterus were observed to 
be motile for approximately 12 hours, whereas in the guinea-pig 
uterus the maximum period of motility observed was 4 hours. 
The effect of a foreign species uterus on spermatozo6n motility 
is possibly due to enhanced phagocytic action and possible to in- 
compatible secretions produced by the uterus. 

The fact that there is such a pronounced effect of the uterine 
environment on spermatozoa from a different species seems to 
indicate that radically different physiological uterine states should 
express themselves by affecting differentially the length of per- 
sistence of motility. The fact that guinea-pig spermatozoa in- 
jected into the guinea-pig uterus at cestrum and at inter-cestrum 
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retain their motility for similar periods of time affords additional 
evidence that the inter-cestrous uterus is not sufficiently different 
physiologically from the uterus at cestrum to have a detectable 
effect upon spermatozoon life. 


V. SUMMARY AND CONCLUSIONS. 


1. A few feebly motile spermatozoa were found in the uterine 
horns and oviducts of the guinea pig up to 41 hours after normal 
copulation. 

2. Motile sperm were observed in the horns of the guinea pig 
uterus 36 hours after injecting guinea-pig sperm into the uterus 
with a hypodermic needle at inter-cestrum. 

3. Live sperm were found 414 hours after injecting guinea- 
pig spermatozoa into the guinea-pig uterus at. cestrum. 

The fact that live sperm were observed 5% hours longer after 
their injection at cestrum than inter-cestrum does not signify that 
the physiological conditions at cestrum are more favorable than at 
inter-cestrum. 


4. Guinea-pig spermatozoa were observed to be motile for only 
11 hours when injected into the rat uterus. 

5. Motile sperm were found in the oviducts 17 hours post- 
coitus in the rat. 


6. Rat spermatozoa injected into the rat uterus with a hypo- 
dermic needle were observed to retain motility for 12% hours. 

7. Rat sperm remained motile for but 444 hours when they were 
injected into the uterus of the guinea pig. 

8. It appears that a non-species uterus has a marked effect upon 
the destruction of spermatozoa. 

9g. No physiological difference between the uterus at cestrum 
and inter-cestrum was detected by using the duration of sperma- 
tozoon life as the indicator. 
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THE CORRELATION OF THE AMOUNT OF SUNLIGHT 
WITH THE DIVISION RATES OF CILIATES. 


OSCAR W. RICHARDS. 


(From the Department of Biology, Clark University, Worcester.) 


The analysis of the division rates of ciliates of three diverse 
orders which had been cultured under practically identical con- 
ditions, disclosed only a secular trend and a yearly cycle of change. 
The maximum of the yearly cycle’ occurred during the month 
of July and the cycles of each organism were similar. The slopes 
of the secular trends were different for each organism. No evi- 
dence of the special “ cycles” and “ rhythms ” which protozodlo- 
gists had reported in other investigations was found. This paper 
will show that the cycle of seasonal variation is closely related to 
the amount of sunshine recorded during the cycle and may per- 
haps be determined by solar radiation. Evidence from other in- 
vestigations will be cited to support this conclusion. 


I. 


The division rates of Paramecia aurelia (mutant), Blepharisma 
undulans, and Histrio complanatus grown in pedigree isolation 
culture, with the same culture media, for three years, were ob- 
tained by Dawson.* These data were used in a previous analysis 
by Richards and Dawson.* The monthly averages of the sunlight 
recorded at the Boston and Block Island Stations of the U. S. 
Weather Bureau in terms of the per cent. of possible sunlight 
were furnished to me through the courtesy of Mr. G. A. Love- 
land. The figures for the Block Island Station for July and 
August were used as being the best available representation of the 
sunlight at Woods Hole, where Dawson kept the protozoa during 

1 Rhythm and cycle are here used with their usual meaning. The terms 
will be enclosed in quotation marks when given the special and restricted 
meaning found in the protozodlogical literature. 


2 Dawson, J. A., 1926, J. Exp. Zodl., XLIV., 133; 1926-27; XLVIL., 345. 
’ Richards, O. W., and Dawson, J. A., 1927, J. Gen. Physiol., X., 853. 
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the summer. The per cent. of possible sunlight, for each month, 
is the ratio of the recorded number of hours of sunlight to the 
maximum number of hours of sunlight that could occur that 
month if there was no cloudiness, etc. The per cent. of possible 
sunlight is used here because it saves the first step of the analysis, 
namely the converting of the number of hours into percentages.* 
This method includes and emphasizes the cycle of sunlight varia- 
tion and introduces no significant error.® 

The average yearly cycle of seasonal variation for each organ- 
ism is shown in Fig. 1. The statistical methods used in obtain- 


Time in 10 day periods 


Fic. 1. The yearly cycle of seasonal variation for each organism and the 
average amount of sunlight. Note: maxima in July. 0, Paramecium. 
e: Blepharisma. A, Histrio. 


ing this cycle, and employed for the further analysis of the sun- 
light data, are the same and are described in the previous paper.® 
The variation in the amount of sunlight is very similar to the 
variation in the magnitude of the average division rate of the 


*Cf. previous analysis? and Rietz, H. L., Handbook of Mathematical 
Statistics, New York, 1924, 151 ff. 

5 When the means of the curve of percentage of possible sunlight and the 
curve of total hours of sunlight are superimposed the deviations of the 
monthly values from each other average 2.6 per cent. which is only 0.4 unit 
of Fig. 2c and does not effect the calculations. The mean absolute deviation 
is — 0.36 per cent. which shows that since the deviations almost cancel 
each other they may be ignored in this analysis. 

20 
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organisms. Since the amount of sunlight for any given month 
was different in each year, as is shown in Fig. 2a, an accurate 
comparison can only be made by first removing the amount of the 
division rate cycle that corresponds to the amount of sunlight for 
each time and then comparing the residues. This is the pro- 
cedure that was used in the original analysis of the data, except 
that this time we use the recorded amount of sunshine for each 
month instead of a generalized statistically determined cycle to 
eliminate the observed cyclic variation in the division rates which 
have been corrected for the secular trend; Fig. 2b. (This figure 
is identical with that of Fig. 2d of the original analysis.*) After 
the sunlight cycles, Fig. 2a, are removed from the division rate 


Fic. 2. a, the amount of sunlight. 6, the division rate corrected for sec- 
ular trend (Cf. Fig. 2d, Richards and Dawson*). c, division rate residues 
after minimiznig secular trend and variation associated with sunlight. 
0, Paramecium. @, Blepharisma. A, Histrio. a, deviations associated with 
a change of water source. ™, deviations associated with removal to Woods 
Hole or Cambridge. , deviations associated with temporary change of 
technician during the absence of Dawson. 


data, Fig. 2b, there is left a residual amount of variation which 
is plotted as deviations from the superimposed mean division rate 
for each organism, in Fig. 2c. 


II. 


The residual curves may now be directly compared, as the dis- 
turbing effect of trend has been eliminated. If the amount of 
solar radiation determines the yearly cycle of seasonal variation 
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in the division rates, all relation of the division rate curve of each 
organism to those of the others will have disappeared and the 
remaining deviations of the rates will be due to other influences 
not completely controlled by the culture technique. 

The maximum correlation of the corrected Paramecium rates 
(x) with the Blepharisma rates (y) is their partial correlation in- 
dependent of time, and is rzy:==—.001. The Histrio rates (2) 
may be correlated with the composite of the Paramecium and 


TABLE I. 


Tue Lextan RATIos* OF THE Division RATEs. 


Soi Original Final Corrected Final Cor- 
Original Corrected Original for rected for 
Sunlight. Sunlight.t 


Paramecium... . 
Blepharisma. . . 


1.07 
Histrio 


1.44 


* The ratio of the relative standard deviation of the series to the relative 
Bernoulli standard deviation for the same series. 


+ These columns are for the corrected data less those deviations due to 
known disturbances (Cf. legend Fig. 2). 


Blepharisma rates by means of the multiple correlation 7z.2y == 0.08. 
These coefficients demonstrate no relation between the corrected 
division rates. The unifying effect of the seasonal variation is 
removed. This removal is more complete than the removal of 
the statistically determined cycle of the previous analysis because 
the correlation coefficients of the original analysis * were — 0.08 
and 0.20, respectively. Consequently, the amount of sunlight 
seems to have ordered the similar yearly cycle of variation in the 


division rates of these representatives of three different orders of 
the ciliate infusoria. 


III. 


By means of the Lexian ratio the deviations of the residual 
curves of the previous analysis* were examined to disclose 
whether or not these remaining variations were due to chance 
experimentally uncontrolled factors alone or if they were due to 
definite unifying effect. The numerical values of the Lexian ratio 
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are given in Table 1. When the deviations known to be caused 
by a change of medium, by removal from Cambridge to Woods 
Hole, or return, or by changes in culture technique are omitted 
the Lexian ratios more nearly approached unity. Purely chance 
deviations of a constant probability would give a Lexian ratio 
close to unity. 

The Lexian ratios for the data of Fig. 2c, after the variations 
associated with the amount of sunlight are removed, are less than 
the figures of the previous analysis and, after the disturbances 
correlated with known causes are removed, the ratios are very 
nearly unity for all but the Histrio data. This probably indicates 
the inability of the Histrio to become adapted to the environment 
of the cultures, which ultimately resulted in its death. 

The residual variation of the Paramecium and Blepharisma rates 
shows little disturbance beyond what might be attributed to chance 
influences. It is possible that if a corresponding ten day aver- 
age, or, better, a running average of the sunlight for ten-day 
periods, were available and were used in place of the monthly 
averages of the sunlight, more of this remaining variation might 
have been removed. This analysis of the data leaves no trace of 
“cycles” or “rhythms” that might be attributed to cellular re- 
organization ; and in fact none were observed by Dawson.* Con- 
sequently, it is an external influence, connected with sunlight, and 
not an internal organization that makes the inherently different 
division rates follow a uniform seasonal course. The division 
rate of the Blepharisma follows the amount of sunlight more 
closely than the others which may be due to the greater absorp- 
tion of sunlight by the pigment of this organism. 


IV. 


This analysis shows that the yearly cycle of seasonal variation 
in the division rates of these ciliates, revealed in the original sta- 
tistical analysis by Richards and Dawson,’ is correlated with the 
variation in the amount of sunlight at different times of the year. 
The maximum of the division rate data occurs in July; likewise 
the maximum amount of sunlight in this region occurs in July 
(Fig. 1). This is not true in other localities. Wang" finds that 


® Dawson, J. A., 1928, J. Exp. Zodl., LI., 190. 
7 Wang, C. C., 1928, J. Morph. and Physiol., XLVI., 431. 
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there were more sunny days at Philadelphia during September and 
October, and further that there were more infusoria in the sur- 
face water of an open pond during these same months. His 
figures show that the number of infusoria is more closely related 
to the amount of sunshine than to the temperature of the water. 
I have superimposed his figures for temperature and for the num- 
ber of infusoria, and have added the approximate amounts of 


> 
3 


per ce. 


Sunshine days ov Pmp © 


a 
3 
So 


Fic. 3. Data from Wang.’ The number of ciliates, temperature and 
amount of sunlight for the surface water of an open pond at Philadelphia. 
Note: Maximum number of organisms and sunlight in September and Oc- 
tober. (Cf. Fig. 1). 


sunshine in Fig. 3.8 An inspection of the figure supports this con- 
clusion. 

Further corroborating evidence is to be found in another recent 
paper of Beers® who cultured Didinium under carefully con- 
trolled conditions and found no rhythms during a period of 265 
days. The organisms were maintained in “ diffused daylight ” 
during the day time and in total darkness in an incubator at night. 
Dawson, however, kept his organisms in front of a window that 
received sunlight during a considerable part of the day protected 

8 Wang,’ Chart 1, graph 1, and Chart 2, graph 3. He gives sunlight as 
days clear and partly cloudy. I have counted a partly cloudy day as about 55 
per cent. of a clear day, which Dr. Brooks, meteorologist, Clark University, 
advises me may be less than the true value. The unsatisfactory histogram 


plot that Wang uses is avoided in Fig. 3. (Cf. Footnotes 3 and 6.) 
® Beers, C. D., 1928, J. Exp. Zodl., LI., 485. 
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only by a drawn, light window curtain. Hence Dawson’s data 
(used in the present study) would be expected to exhibit an effect 
of sunlight. more clearly than would be expected with the more 
completely controlled environment used by Beers. 


V. 


No record of the temperature of Dawson’s cultures is available. 
Since January and February, at Cambridge, are colder than the 
latter part of the year we might expect a lower rate of division 
early in the year, and this may account for the fact that the di- 
vision rate is lower during the first quarter of the year than would 
be expected from the amount of sunshine at this time. This is 
also true of Wang’s observations. The food supply of a pond 
is less in January and February than in the latter part of the year, 
which also explains part of this difference. Part of this devia- 
tion (Fig. 1) is due to the differences in amount of sunshine re- 
corded for this part of the year for the different years. The 
drop in the composite division rate curve for June is due to the 
disturbance of moving the cultures to Woods Hole. They are 
again disturbed when they are returned to Cambridge. The effect 
of the return is not as obvious because the time of return varied 
from year to year while the opening of classes brought Dawson 
to Woods Hole at essentially the same time each year. During 
September 1925 and 1926 the cultures were cared for by an as- 
sistant during the absence of Dawson with a resulting abnormal 
drop of the division rate during this month. 

Examination of the division rates of these organisms since the 
original analysis shows that the secular trend has continued until 
almost the end of 1928 when a new upward trend begins.* The 
data are too few to establish this new trend. The yearly cycle of 
variation is less pronounced the longer the cultures are maintained 
which suggests an accumulative effect of some unfavorable influ- 
ence, or, of some deficiency, in the protoplasm of these organ- 
isms. Such an effect would be more obvious with unicellular 
than with multicellular organisms owing to the direct continuity 
of the protoplasm of the former. This trend has persisted de- 
spite gradual improvement and refinement of the technique for 
culturing. The relation between the trend and the diminution of 
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the magnitude of the cycle suggests that the loss of the ultra- 
violet or near ultra-violet rays may be the cause of the downward 
trend and diminished cycle of seasonal variation. The organisms 
are kept in glass moist chambers inside of a glass window so that 
a considerable part of the shorter wave lengths of light must be 
absorbed before reaching the animals. The influence of the 
shorter wave lengths of light on the division rate of protozoa 
could be determined by suitable experiment and should be evalu- 
ated in future studies made with these animals in more adequately 
controlled environments. 


SUMMARY. 


1. Previous analysis of the division rates of Paramecium 
aurelia (mutant), Blepharisma undulans, and Histrio complanatus 
grown separately in pedigree isolation culture, under as nearly 
identical conditions as possible, for a period of 3 years, disclosed 
a secular trend and a seasonal rhythm for each organism. The 
seasonal rhythm has a maximum in July. 

2. This seasonal rhythm is shown to be related to the amount of 
sunshine reaching the locality of the cultures. The maximum 
amount of sunshine is received in July also. 

3. After the effect of trend and the influence of the amount of 
sunlight are removed from the division rates, they show no rela- 
tion to each other except for deviations caused by known changes 
in the culture technique. Each organism has a division rate vary- 
ing independently of the others, when the effect of external uni- 
fying influences are removed. 

4. Consequently, the amount of sunlight, other conditions held 
constant, seems to determine the similarity of the division rate of 
these diverse organisms. The temperature is a secondary de- 
termining factor which has apparently less influence than sunlight 
when both variables are present in these experiments. Data from 
other investigations supports these conclusions. 

5. It is suggested that the downward trend of the rates and the 
diminution of seasonal cycle which continue under laboratory con- 
ditions may be due to an accumulative deficiency of light of the 
shorter wave lengths which is absorbed by the containers, and that 


this effect be evaluated in studies made with more nearly constant 
environments. 
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THE EXCRETORY ORGANS OF TERRESTRIAL 
NEMERTEANS. 


WESLEY R. COE, 


Ossorn Zo6OLocIcAL LaABoraTorY, YALE UNIVERSITY. 


In all except one of those species of terrestrial nemerteans which 
have been fully studied histologically the excretory system con- 
sists of numerous isolated nephridia, each of which leads to the 
surface of the body by a separate efferent duct. Such a system 
differs from that found in typical marine nemerteans mainly by 
the absence of the pair of longitudinal collecting tubules usually 
so conspicuous in the latter. 

In a recent paper, dealing with the land nemerteans, Mary L. 
Hett (’27 )has included an excellent comparative statement of the 
principal anatomical details which characterize the twelve known 
species of the genus Geonemertes. In regard to the nephridia of 
G. agricola, however, the brief description of this system given in 
my paper (’04) leaves some ambiguity as to the precise relations 
of terminal organs and efferent ducts. For this reason, and be- 
cause further insight into the relationships of the different spe- 
cies of these aberrant land forms is highly desirable, this sup- 
plementary note on the nephridial system seems appropriate. 

A recent study of well preserved material of sexually mature 
individuals of G. agricola collected near the shore of Hungry 
Bay, Bermuda, proves that the excretory system agrees rather 
closely with that described by Schroeder (’18) for G. palaensis 
and by Miss Hett (’24) for G. hilli. In all three species the sys- 
tem extends throughout the entire length of the body, with hun- 
dreds or thousands of isolated nephridia and the same number of 
efferent ducts. 

Each of these numerous nephridia consists of a cluster of slender 
terminal organs (flame cells), with a comparatively thick-walled 
convoluted tubule and a slender efferent duct. Sections of the 
convoluted tubule, except for their smaller size, are similar to those 
of the longitudinal collecting tubules which join together all the 
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Fic. 1. A, Diagram of a single nephridium of Geonemertes agricola, 


showing five terminal organs connected with the convoluted tubule (con) 
which leads to the exterior of the body by the slender efferent duct (ned) ; 
b, thickened bar in wall of terminal chamber (tc); ec, end canal; f, flagel- 
lum arising from flame cell (fc); 1, longitudinal bar; ntc, nucleus of ter- 
minal chamber. B, transverse section through a terminal organ. X 2500. 
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flame cells on each side of the body in the more typical nemerteans 
In my earlier paper (’04) I came to the conclusion that several 
convoluted tubules from adjacent clusters of flame cells were, in 
fact, actually thus united but I am now convinced that this is not 
the case, except, possibly, in rare instances, and that longitudinal 
collecting tubules do not occur. Each cluster of flame cells has 
a separate duct to the surface of the body. 

I take this opportunity of describing in more detail the excre- 
tory system of Geonemertes agricola, the common land nemertean 
of Bermuda, and of comparing it with that of the other species 
of the genus in so far as our present knowledge will permit. 

The most anterior nephrida are found in the head, about half 
way between the brain and the anterior extremity. They lie im- 
bedded in the parenchyma and open to the exterior by the most 
direct path, either to the dorsal or to the ventral surface, accord- 
ing to their position. Posterior to the brain they occur in the 
parenchyma on all sides of the fore gut and proboscis sheath, but 
are most numerous near the dorsal and ventral aspects of the 
lateral nerve cords and near the ventrolateral margins of the pro- 
boscis sheath. In most regions of the body they are more abun- 
dant in the parenchyma on the ventral side of the lateral nerve 
cords than elsewhere. The total number is several hundred. 

The number of terminal organs (flame cells) connected with 
each nephridium varies considerably, but is usually between six 
and ten. They frequently occur in pairs, each end canal supply- 
ing two terminal organs. Each of the latter consists of a slender, 
cylindrical terminal chamber from 0.015-0.024 mm. in length 
and from 0.0025-0.0038 mm. in diameter. Occasionally the 
chamber is distended to a width of 0.0045 mm. These dimen- 
sions differ but slightly from the figures given by Schroeder (’18) 
for the corresponding chamber in G. palaensis (0.014-0.02 mm. 
long and 0.004 mm. wide). Miss Hett (’24) finds very much 
smaller chambers in G. hilli, the average size in that species being 
only 0.008 by 0.0015 mm. 

At the distal end of the chamber is a binucleated cell body of 
somewhat greater diameter than the chamber itself. Each of the 
two nuclei is about 0.002 mm. in diameter. It is quite possible 
that each nucleus represents a separate cell, but I have found no 
indication of a separating cell membrane. 
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The lash of cilia fills the greater part of the chamber (Fig. 1). 
Occasionally the preservation is such as to reveal the individual 
flagella of which the lash is composed, as indicated in one of the 
chambers shown in the figure. 

The wall of the terminal chamber is extremely thin but is rein- 
forced by a parallel series of six to eight narrow circular or spiral 
bars, or thickenings, situated at regular intervals (Fig. 1). A 
more delicate longitudinal bar is sometimes seen to extend about 
half the length of the chamber, starting at the base and joining 
the circular bands. Since this longitudinal bar is often placed 
symmetrically with regard to the two nuclei in the terminal cell 
body it is possible to conceive of the wall of the chamber as being 
formed of two symmetrical halves, joined together by the longi- 
tudinal bar. A third nucleus lies close against the wall of the 
chamber near its connection with the end canal (Fig. 1) and this 
presumably represents a cell which is actively concerned with the 
formation of the wall. 

The series of circular bars extends through about half the length 
of the chamber, the most proximal bar lying not far removed 
from the nucleus near the proximal end of the chamber (Fig. 1). 
These relations are considerably different from those described 
and figured by Schroeder (’18) for G. palaensis, where the series 
of bars reaches only half way from terminal cell to the proximal 
nucleus. Schroeder also describes two longitudinal bars of con- 
siderable prominence. 

A short, narrow and thin-walled end canal, with a branch to 
each of the flame cells of the cluster, leads directly into the distal 
end of the convoluted tubule (Fig. 1). The latter has relatively 
thick walls with granular cytoplasm and scattered muclei, but is 
without cell boundaries. This portion of the nephridium also 
lies in the parenchyma and doubtless has an active excretory func- 
tion. 

The convoluted tubule is similar to the main longitudinal canal 
of typical nemerteans in its essential structure and its function 
is presumably identical. After making one or two loops in the 
parenchyma the walls become gradually thinner, leading to the 
slender efferent duct which passes through the body walls to the 
minute opening on the surface of the ciliated integument. 

Comparison with Other Species—In only five of. the twelve 
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described species of terrestrial nemerteans have the nephridia been 
found but, as Miss Hett (’28) has pointed out, this fact should 
not be taken as indicating that they are not present in life. Such 
delicate structures are always difficult to find in improperly fixed 
material. All except one of these five species agree in having 
very numerous isolated clusters of flame cells, each group with its 
own efferent duct to the exterior and thus lacking the longitudinal 
collecting tubule which is frequently the only part of the sys- 
tem mentioned in anatomical descriptions of most littoral nemer- 
teans. G. chalicophora, the natural habitat of which is unknown, 
is the only terrestrial form described as having a pair of such 
longitudinal tubules. Bohmig (’98) mentions ten pairs of effer- 
ent ducts for this species. 

Schroder (’18) found that the excretory system in G. palaensis 
consists of many thousands of isolated nephridia, each with its 
own efferent duct. The number in the single specimen available 
for study was estimated by him to be about 35,000. Each ne- 
phridium is composed of several pear-shaped terminal organs, 
situated in the parenchyma internal to the body musculature, the 
extremely slender efferent duct passing with many convolutions 
through the muscular layers, cutis and epidermis to open at the 
outer surface of the ciliated cells on the lateral, latero-dorsal and 
latero-ventral aspects of the body. Usually ten or more pairs of 
terminal organs open into each tubule. The cytoplasm of the 
cells of the tubule contains granules and globules, but no cilia 
were found. In some sections the flame cells are so numerous as 
to make an almost continuous layer beneath the body musculature. 

Only in minor details therefore does the system in that species 
differ from the conditions found in G. agricola, although the esti- 
mated number is vastly greater than in the latter species. In other 
anatomical features the two species differ widely. 

The excretory organs of G. hilli have also been fully described 
and figured by Hett (’24). This species likewise has very nu- 
merous isolated nephridia of similar structure but of much smaller 
size. She has also (’28) found in G. australiensis organs of a 
similar type. 


In no other nemerteans, so far as known, is the excretory sys- 
tem closely similar to that of the terrestrial species, the nearest 
approach, perhaps, being in the fresh water species of the genus 
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Prostoma. Here the terminal organs lead to a number of short 
and disconnected longitudinal canals. In species of Cephalothrix 
there are numerous isolated nephridia, as described by Wijnhoff 
(’10), but in those species the terminal organs are more nearly 
spherical and are multinucleate, with only a single terminal organ 
connected with each efferent duct. 

All parts of the nephridium, except the efferent duct where it 
passes through the body wall, lie free in the parenchyma and hence 
are not in contact with the blood vessels. The fluid excretions of 
the terminal chamber as well as the substances excreted by the 
convoluted tubule must therefore be taken directly from the 
parenchyma. The latter is of a semifluid or gelatinous consistency 
and hence readily permeable by soluble materials brought to the 
vicinity by the blood vessels. 

The blood-vascular system of the land nemerteans differs from 
that of most other groups in having numerous valve-like cells in 
the walls of the smaller vessels. In G. agricola the vessels are 
profusely branched in the anterior half of the body and the valve 
cells are very conspicuous. Similar cells are found in the vessels 
of some of the fresh-water nemerteans, and this is a further indi- 
cation of the close relationships of the two groups. 
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